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ABSTRACT
Many new compounds of* chromium(II) have been 
prepared under anaerobic conditions, and their 
properties investigated by spectroscopic, magnetic 
and X-ray powder techniques, also carried out in the 
absence of air. An effective method of filling glass 
capillaries for X-ray powder photographs of air-sensitive 
compounds, without the use of a nitrogen box, has been 
developed.
The new compounds obtained were M^CrCl^(H^O)^, 
(where M = Cs or PyH), M^CrCl^, (where M = Cs, PyH,
EtNH^, MeNH^ or Me^NH^), MCrCl^, (where M =r Me^N or 
Me^NH^), (enH^CrCl^, (dienH^)CrCl^ and (trienH^)CrClg. 
The dihydrates are magnetically normal while the 
anhydrous compounds are ferromagnetic except for the 
trichlorochromates(II) and the pyridinium and dimethyl- 
ammonium tetrachlorochromates(II) which are antiferro­
magnetic. The structures of most of these compounds, as 
well as the known dihydrates, have been deduced by 
comparison of their powder photographs with those of 
corresponding copper(II) compounds of known structures.
A new series of compounds of the type
M^CrBr^, (where M = Cs, PyH, Rb, NH^, EtNH^ or Et^N) 
has been prepared. These compounds have also been 
investigated by spectroscopic and magnetic techniques ,
'and,when possible, their structures have been compared 
with those of the corresponding chlorochromates(II) or
^CrBr^(H^O)^, (where M = Cs, PyH, Rb or NH^) and
- 3 -
bromocuprates(ll) by X-ray powder photography. The
dihydrates, which are similar to or isomorphous with
the corresponding chlorochromates(II) or bromocuprates(II),
are magnetically dilute while the anhydrous compounds
are antiferromagnetic except for the caesium and ethyl-
ammonium compounds which show ferromagnetic behaviour.
From spectral and X-ray results it has been found that
in all compounds the chromium(II) ion is situated in a
distorted octahedral environment , and polymeric
structures have been assigned to these compounds except
for the dihydrateS which are mononuclear.
A brief investigation of thiocyanato-complexes
of chromium(II) has shown that the known compound,
N a 0Cr (NCS ) _ . 9H-.0 has the unusual stoichiometry 3 5 2
previously assigned to it although the degree of
hydration is uncertain. The compound, Na^Cr(NCS) . -
CHoCOCH .6H 0, has also been prepared. Infra-red,
3 3 ^
reflectance and magnetic studies show that the first 
compound contains N-bonded thiocyanate while the second 
appears to contain bridging thiocyanate as well.
Considerable difficulties were encountered during 
preliminary attempts to prepare complex iodides and 
some new complex fluorides because chromium(ll) has 
little affinity for the iodide ion, and the glass ’
apparatus was not suitable for use with hydrofluoric 
acid.
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Chemical Abbreviations
ac . .
acacH 
bipy . 
dctu . 
dienH^ 
dpmH . 
enH^ • 
EtNH^ 
etu . 
hexamin 
MeNH„
Me 0NH 2 2
Me^N .
meurea
Me^tren 
NP„
n 3p
phen 
pic
py •
PyH 
SalH 
THE . 
trienH 
tu . .
acetyl
acetylacetone
2,2*-bipyridyl
N,N f-dicyclohexylthiourea
diethylenetriammonium
dipivaloylmethane
e thy1en e di ammon ium
ethylammonium
N , N 1-ethylenethiourea
hexamethylenetetramine
methy1ammonium
dimethylammonium
t e tram e t hy 1 amm on ium
N-methylurea
tris(2-dimethylaminoethyl)amine
tris(2-diphenylphosphino)amine
bis(2-diethylaminoethyl)-(2-phenyl- 
phosphinoethyl)amine
1,10-phenanthroline
2-aminoethylpyridine (2-picolylamine)
pyridine
pyridinium
salicylaldehyde
tetrahydrofuran
triethylenetetrammonium
thiourea
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Abbreviations used in Figures and Tables
b .  .
B.M.
dhkl 
I . .
hkl .
XA
L.N.T. 
0 . .
Ghkl 
m . .
*
V • •
R.T.
s . .
sf 
sh 
sp 
v • 
w .
0 0 0
0 0 0 0 0 0
broad
Bohr Magneton
interplanar spacing
intensity
Miller indices
atomic susceptibility
liquid nitrogen temperature
Weiss constant
angle of reflection (Bragg angle) 
medium
effective magnetic moment
frequency
room temperature
strong
spin-forbidden
shoulder
sharp
very
weak
CHAPTER 1 
INTRODUCTION
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Chromium(II) has the electronic configuration
■ 4
(Ar)3d and is bright blue in aqueous solution. It is
highly sensitive to aerial oxidation. The standard
electrode potential for the half-cell reaction
Cr /+ \ + e  ^ Cr?+ % is - 0.4I V 1, showing
(aq) laq! 1
chromium(ll) to be a very good reducing agent. This
2property is made use of in volumetric analysis •
Because of the difficulties encountered in the handling 
of chromium(II) compounds, the present knowledge of the 
chemistry of chromium(II) has mostly been established 
during the last decade.
It has been reported that pure chromium(ll)
salts could not be obtained by dissolution of the metal
3 .
in acid , because of oxidation by hydrogen ions m
acid solution. It has been shown, however, that even 
in acidic solution, but in the absence of catalytic
impurities and completing agents, oxidation by hydrogen
4 ' v
ions is very slow , and pure chromium(II) salts can
be obtained in this way. The presence of an excess of
metal leads to a near neutral solution at the end of
the reaction, and reduces any chromium(III) formed to
chromium(II).
Different methods have been used for excluding
oxygen e.g. highly efficient glove boxes containing a
5 6 '
nitrogen atmosphere ’ , glass apparatus flushed out
with nitrogen, carbon monoxide or coal gas. Work on 
chromium(II) has also been reported in which compounds 
have been prepared in solution under a layer of
- 11 -
petroleum ether, toluene etc. However, the
7
development of nitrogen and vacuum lines has greatly 
facilitated the preparation of chromium(ll) compounds.
Chromium(II) solutions have been prepared in the 
following ways:-
(1) by electrolytic reduction of chromium(III)
, .. 5,8solutions ’
(2 ) by chemical reduction e.g. with zinc and
9 ■ • .
acid ,
(3) by dissolving previously prepared chromium(II) 
acetate in a mineral acid1^
(4) by heating an excess of spectroscopically pure
11 12chromium pellets in mineral acid ’ .
Method (4) is a relatively simple and suitable way of
preparing pure chromium(II) salts for further synthetic
procedures; method (2 ) is not so convenient as- the
parent solution will be contaminated by substances
derived from the reducing agents.
Anhydrous chromium(II) salts are generally
prepared by dry procedures at elevated temperatures.
The anhydrous fluoride, chloride and bromide can be
prepared by reduction of the hydrogen halide with the
chromium metal, or by reduction of the anhydrous
13trihalides with hydrogen or chromium metal . Anhydrous
chromium(ll) chloride can also be obtained either by
reacting hydrogen chloride with anhydrous chromium(II)
14
acetate or by thermal dehydration of the hydrated
,, . , 15, l6chloride ’ .
- 12 -
Anhydrous chromium(ll) chloride and acetate are poorly
soluble or insoluble in organic solvents and so they
are not always suitable as starting materials for the
preparation of new compounds. In addition they are
not easily obtainable. On the other hand employment
of the hydrated halides in synthesis can, in some cases,
lead to hydrolysis, oxidation or failure to complex
17
with weak donor ligands . Recently, the non-hydroxylic
chromium(ll) chloride solvated with one molecule of
tetrahydrofuran, CrCl^.THF, has been prepared by
reacting hydrogen chloride with excess chromium metal
18in tetrahydrofuran . This solvate can be dissolved in
tetrahydrofuran and used for synthetic studies. The
anhydrous iodide and sulphide can conveniently be
19
prepared by direct combination of the elements
The reducing power of the chromium(ll) salts has
found extensive application in synthetic organic 
20chemistry . Chromium(ll) chloride, sulphate and
perchlorate have been classified as powerful reducing
agents, whereas chromium(II) acetate, a relatively
insoluble salt, is a milder reducing agent under near
neutral conditions, Recently, chromium(II) -ethylene-
diamine mixtures have been shown to provide an
21exceedingly efficient reducing system . Chromium(ll) 
hydroxide has been reported to be a powerful reducing 
agent20.
According to crystal field theory the chemistry 
of high-spin chromium(II) should be similar to the
- 13 -
22
chemistry of copper(II)
d° + k e E= d5 + 4e ; Cr2+ == Cu2+
23-27This has now been shown to be true in most cases 
Knowledge of the chemistry of copper(II) has increased 
extensively, but comparatively little is known of 
chromium(II). Crystallographic studies are made 
particularly difficult by the high air sensitivity of 
chromium(II) compounds and consequently very few 
crystal structure determinations have been carried out.
From the position of chromium in the Periodic 
Table it would be expected to show predominantly 
class A behaviour in its normal oxidation states. It 
should therefore tend to form more stable compounds 
with oxygen and nitrogen donor ligands than with 
phosphorus or sulphur donor ligands.
A comprehensive survey of nearly all the
chromium(ll) compounds reported in the literature up
28 ' 29 ' 30to 1972 is given by Patel , Trigg , Khamar and
Nelson-Richardson. Other compounds reported later
are given in Table 1 .1 .
TABLE 1.1
Compound ll (B.M. ) at R.T. e References
Chromium(II) ehlori de solvated compoumis
CrCl .2MeOH 4.62 l6
CrCl .THE
eL
1 6 , 18
Urea and substituted urea complexes
Cr(ureaOgCl^ 4.39 l6
Cr(urea)^Cl2 4.78 16
Cr(urea)^Br2 4.85 l6
Cr(meurea)^Cl^ 4.79 l6
Cr(meurea)^Br 4.88 16
Cr(biuret) Cl_ 4.85 l62 2 *\ ■ • '
Thiourea and substituted thiourea complexes
Cr(tu)2Cl2 4 . 4 9 l6
Cr(tu)2 (Me2C0)Cl2 4.4i l6
Cr(tu)^Br2 4.86 l6
Cr(tu)6 X2 4.97
l6
Cr(etu)2C1 2 4.33 l6
Cr(etu) Br0 4.75 l6
Cr(etu)^I2 4.87 16
Cr(dctu)Cl
&
3 . 3 8 l6
Cr(dctu)_Brn 4.74 l6
Cr(dctu)^I2 4.77 16
Chromium (II) carboneite complexes
Na2 Cr(C03 )2*n2° 1.15 32,33, 136
K 2Cr(C03 )2 .1.5H20 1 . 5 0
--------- ;----------- --
32,33, 136
TABLE 1.1 (c on t inued)
.Compound u. (B.M.) at R.T.e
References
(NH/t)'2Cr(C03 )2 .1.5H, 
RbgCr(CO^)2 .1 .5H2 0  
Cs2Cr(CO^)2 .1 .5H 2 0  
Li2cr (co3 )2 .3H2 0
MgCr(CO )2 -3H20 
Chromium(IT) fluoric
?o 1 . 6 2  
1 . 6 2  
1 . 6 8  
1.19 
1 . 6 2
le complexes
32,33,136
32.33
32.33
32.33
32.33
34
35.37
35.36.37
35.37
35
66
Rb CrF 
CaCrF^
SrCrF^
BaCrF ^
Ba2 C r F 6
Chromium(II). dioctyjLphosphinate complex
Cr[0P(C8H 1 7 )2 0 ] 2
- i6
Stereochemistry of Chromium(II) Compounds
The majority of the k n o m  chromium(II) compounds 
are considered to be six coordinated, with the 
chromium(ll) ion situated in a distorted octahedral 
environment. The distorted octahedral compounds of 
chromium(II) usually exhibit one broad and asymmetrical 
band in the visible and near infra-red region with a 
weaker band or shoulder at lower frequency. The full 
characteristics of these octahedrally distorted
compounds are discussed in the later chapters of this
thesis. The existence of stereochemistries other than
distorted octahedral has also been reported in the
literature, and is discussed here briefly.
(1 ) Four coordination
(a) Square planar
The dipivaloylmethanido-chromium(II) compound,
Cr(dpm) has been shown, by X-ray powder photography 
&
to be isomorphous and thus isostructural with the
o O ; Q Q
analogous copper(II) and nickel(ll) compounds
which are square planar. In toluene solution it shows
— 1a weak band at about l6 ,0 0 0 cm and a shoulder near to
2 3 ,0 0 0 cm on the side of a more intense charge transfer
band. Its magnetic moment at room temperature is
40
reported to be 4.84 B.M. . Gerlach and Holm have 
also reported the preparation of a series of 
bis(p-ketoamine) complexes of chromium(II) with the 
electronic spectra similar to that of ^(dpm)^, and so 
they are considered to be square planar. The magnetic
moments of these complexes are between 4.77 and 4.92 B.M.
Q ^
Single crystal structure determination and the
4loptical absorption spectrum of strontium tetrafluoro- 
chromate(ll), SrCrF^, have indicated square planar 
coordination for the chromium(ll) ion. The spectrum of
41 - 1
this compound contains intense bands at 1 2 ,7 6 0 cm
(B  ----*“B _ ) and l6,600cm  ^ (B.  > E  ). Sodium
lg 2g 1 lg g
tetrafluorochromate(II), Na^CrF^, which is thought to
42
contain a tetragonal chromium(II) ion , gives a strong
- 1  -l
band at 1 5 ,0 0 0 cm and a shoulder at about 1 2 ,0 0 0 cm
Finally, single crystal X-ray analysis has shown
that in the complex Cr[N(SiMe^)^]^(THF)^ the chromium(ll)
43coordination is square planar . The compound is 
paramagnetic ( \l - 4.93 B.M. ) and the electronic
- 1
spectrum exhibits two weak shoulders at about 19,800cm
— 1 ’ — 1and 2 5 ,6 0 0 cm , with broad bands at 3 3 ,3 3 0 cm and
3 8 ,400cm
(b) Tetrahedral
There have doubtless been many attempts to
obtain four-coordinate complexes of chromium(II) in the
expectation of their having a distorted tetrahedral
structure like that of the analogous copper(II)
complexes. Indications that such complexes might exist
44were first obtained by Gruen and McBeth , from
investigations of chromium(II) chloride in a molten
KCl-LiCl eutectic, and subsequently by Holah and 
45Fackler , from solutions of chromium(II) bromide in the 
presence of an excess of bromide ions in acetonitrile.
- i8 -
In each case a strong band at about 10,000cm was
observed which was assumed to be characteristic of
2“strongly distorted tetrahedral [CrX^] or [CrX^.solvent] 
species•
' 46Scaife has reported the preparation of the yellow 
form of CrBr ,2Ph„P0 and CrI ,2Ph„P0. Both these
d  j d J
compounds are thought to contain a distorted tetrahedral
chromium(ll) ion# The evidence for the tetrahedral
structure was twofold. Firstly, they have similar
spectra to that of chromium(ll) bromide in acetonitrile
in the presence of excess bromide ion. Secondly, their
spectra are similar to those of the corresponding
copper(II) compounds which have been confirmed to be
47
compressed tetrahedral. CrBr^^Ph^PO and Crl^.SPh^PO
— 1 — 1give bands at approximately 1 0 ,5 0 0 cm and 1 0 ,8 0 0 cm
respectively. The green form of CrBr^•2Ph^P0, which is
considered to be distorted octahedral with halogen-
—  1 _ ^ 
bridges, shows bands at l4,600cm and 1 1 ,1 0 0cm .
CrBr . 2Ph‘ P0 (yellow form) and CrI . 2Ph„P0 have magnetic
j £ j
moments of 4.80 and 4.79 B.M. respectively. They have 
also been shown to have X-ray powder patterns similar 
to each other and to the pattern of CuBrQ.2Ph_P0,
46without being identical 
46Scaife has mentioned the isolation of substances
of approximate composition (Et^Nj^CrX^ which have
- 1
reflectance spectra with bands near 1 0 ,0 0 0 cm ,
suggesting distorted tetrahedral coordination of the 
chromium(II) ion. The purification of these compounds
- 19
has so far proved difficult, but the compound 
(Et^N)^CrBr^ appears to have a cubic unit cell, 
a = 10.95 A°, and is not isoraorphous with the 
analogous copper and zinc salts.
The only compound which has so far been confirmed,
43 Vby X-ray crystal analysis, to be pseudo-tetrahedral is 
the diamagnetic Cr(N0)[N(SiMe )Q]_ complex. If the
j £ j
ligand is considered to be N 0 +, the chromium atom is 
formally in the oxidation state (+2 ).
The difficulties experienced in obtaining 
tetrahedral chromium(ll) complexes have been attributed
45 46to unfavourable radius ratios . Scaife has suggested
that it may also be a function of ligand field strength.
The relation between the A values of tetrahedral and
4octahedral compounds is A^ = A q and so a value of
_  1
A equal to approximately 5,000cm is expected for a
46tetrahedral chromium(ll) compound. However, Scaife 
has estimated that the flattening of the tetrahedron 
could produce sufficient splitting of the terms to give 
a transition of about twice that value.
(2) Five coordination
( a ) Square pyramidal
Bis(diethyldithiocarbamato)chromium(II) has
48been reported to be isomorphous and probably iso-
• ,w . ■
structural with the corresponding copper(ll) compound.
The copper(ll) compound has a binuclear, sulphur-bridged
4 Q '
structure in which each metal atom is penta-coordinate.
In contrast to the chromium(II) compound it shows weak
- 20 -
ferromagnetic interactions^. The reflectance spectrum
31of the chromium(II) compound was shown by Patel to be
similar to those of tetragonally distorted chromium(II)
compounds.
(b) Trigonal bipyramidal
It has been shown by X-ray powder photography
that the complex [Cr(Me^tren)Br]Br is strictly iso-
51morphous with the cobalt analogue . Therefore the
chromium(II) compound must be attributed the same
trigonal bipyramidal structure. Iri accordance with this
five coordinated structure the compound has been shown
5 i
to behave as an uni-univalent electrolyte in butanol .
The reflectance spectrum shows a strong band at about 
- 11 0 ,0 0 0 cm with a shoulder at higher frequency near to
— i
l4,000cm . The compound has a magnetic moment of
4.85 B.M. at room temperature.
The isolation, as tetraphenylborate salts, of a
series of complexes of chromium(II) with tripod ligands
containing mixed donor atoms has been reported by Mani 
52and Sacconi • These complexes have the general
formula [CrLX]BPh^ where L is the ligand (either N^P or
NP^ donor atoms) and X = Cl, Br or I. These complexes
- 1
show an intense band around 13,000cm and a weaker one 
in the region of l6 , 6 0 0  - 1 7 ,0 0 0 cm which are similar 
in shape and comparable in frequency to the bands of the
5 i[Cr(Me^tren)Br]Br complex reported by Ciampolini . So 
they are also considered to be trigonal bipyramidal.
- 21 -
Stabilization of Metal Complexes
The stabilization of metal complexes is discussed 
here briefly, taking into account two factors - the 
effect of counter-ions and the type of acceptor and 
ligand.
1) Effect of counter-ions
Factors affecting the separation of solid salts
54
from solution have been clearly discussed by Basolo 
It has been found that solid salts separate from 
solution most readily for combinations of either small 
cation - small anion or large cation - large anion, 
preferably with systems having equal but opposite 
charges on the counter-ions. The driving force leading 
to separation of the solid compound CA in the general
4 . _  ..
reaction C/ x .  + A, \ CA/ n in the case of(aq) (aq) (s)
small cation - small anion systems has been shown to be
54
the large lattice energy of the complex , whereas for 
the large cation - large anion systems the driving 
force arises from the small hydration energy of the 
large ions. It has also been found that metal 
complexes are stabilized by using large cations. In 
this case the principle clearly states that solid 
metal complexes can best be obtained by using large 
counter-ions, preferably ions having a charge of the 
same numerical magnitude but opposite in sign to that 
of the metal complex. Tetrahedral, complexes of the
• 1 '
type R 2 [MX4], where M  = M n , Fe, Co, Ni or Zn and X = Cl, 
Br or I, have been stabilized by large counter-ions as
- 22 -
represented by R. Examples include Cs + , (C^H^)^CH^P+ ,
(C_H_),N + , etc. In all these complexes the ions,
2 5 ^
2— - [MX^] , are said to be stable in ethanol; hydrolysis
occurs in aqueous solution. Basolo lists some of the
. 54large counter-ions which have been used for this purpose
55 r 1 3~Mori has succeeded in isolating the [CuCl^J
species from aqueous solution by stabilizing the complex
anion with the large hexamminechromium(III) cation.
CuCl~ = = = ±  CuClf~ ^ = = ±  CuCl^"
3 4 I 5
| [Cr(NH3 )6]3+
[Cr(NH3 )6][CuCl5]
_ 2 - '
Although the concentrations of CuCl^ and CuCl^ in solution
3_
are much greater than the concentration of CuCl^ , yet, the 
triply-charged anion was preferentially stabilized and 
brought out of solution.
3 —It has also been thought that [CuCl^] could be
o +
isolated from solution by (dienH^) , but Zaslow and 
56Ferguson have shown by an X-ray study that the related
compound (dienH^)CuCl^ should be formulated as
[dienH^]Cl[CuCl^], This suggests that better results are
expected if the counter-ion has a compact spherical
shape similar to [Cr(NH^) ,
The coordination environment and magnetic behaviour
of the transition metal ion can also be influenced by
the counter-ion chosen. For example Cs^CuCl^ contains
57distorted tetrahedral anions , whereas in (NH^^CuCl^
2— ' 5 8  59the [CuCl^] anion is square planar . It has been
shown by magnetic measurement studies that NaNiF^ shows
- 23
ferromagnetic behaviour, while KNiF^ exhibits anti­
ferromagnetism.
(2) Type of Acceptor and Ligand
Acceptors are of two well-defined types:
(I) Class A acceptors are those which form their 
most stable complexes with ligands in which the donor 
atom is the first member of groups VB, VIB or VIIB of 
the Periodic Table, i.e. N, 0 or F.
(II) Class B acceptors are those which form their 
most stable complexes with ligands in which the donor 
atom is the second or subsequent member of groups VB,
VIB or VIIB, i.e. P, S or Cl etc.
The coordination affinities of ligands are 
generally as follows:
Groups Class A Class B
V N » P >  As >  Sb >  Bi N<SCP >As >  Sb > B i
VI 0 » S > S e > T e  S e ^ T e
VII F » C l > B r > I  F « C l < B r < I
Most metal ions, in their normal oxidation states, are
class A acceptors, while class B character is restricted
60to an area near the centre of the Periodic Table .
- 24 -
Ferromagnetism
In most coordination compounds the metal ions, 
which are the only components of the molecule to give 
rise to paramagnetism, usually act independe ntly of each 
other, and in most cases the shell of ligands surrounding 
the metal ion is sufficient to ensure this. Magnetic 
interaction arises when the paramagnetic ions do 
influence each other, leading to "cooperative" or 
"exchange" phenomena. This may be simply because the 
distance between the paramagnetic ions is small, or 
because the intervening atoms are capable of transmitting 
the magnetic interactions. The interactions are 
expressed by AE = 2JS.S, where J is the "exchange1 xC
coupling constant". In antiferromagnetic compounds J 
is negative and this corresponds to an antiparallel 
alignment of adjacent spins. Whereas in ferromagnetic 
compounds J is positive which corresponds to a parallel 
alignment of the electron spins. The electron spins 
are coupled parallel in groups or domains and the effect 
of an applied magnetic field is to align these in its 
direction. The magnetic susceptibility is positive and 
is greatly in excess of that for normal paramagnetic 
material. It is both temperature and field dependent. 
Remanence and hysteresis are also characteristic 
properties of ferromagnetic materials.
Magnetic coupling of next- to - nearest neighbours 
through a non-magnetic anion (superexchange) has been 
explained by Anderson^ by considering ’excited states’
- 25 -
in which a single electron in a p-orbital is transferred 
to one of the neighbouring cations. '*Goodrenough and
6 2Loeb have emphasized that such interactions are 
essentially covalent and given the name 1 semi-covalence1 
to Anderson's one electron transfer.
Anderson's theory leads to the prediction that 
superexchange should be antiferromagnetic if the 
paramagnetic ion has its original d-shell half-full or 
more,and ferromagnetic otherwise. However, there are 
many exceptions to this rule.
/To
Fyfe and Verhoogen have calculated the number 
of electrons participating in covalent bonding (n) in 
a series of simple oxides and sulphides of the first 
row transition metals. Inspection of these compounds 
has indicated that antiferromagnetism tends to occur 
when n is even, for example in MhS, whereas ferromagnetic 
coupling occurs when n is odd, for example, in CrS.
64A number of different approaches to the mechanism of
superexchange predict that the sign of the coupling
8between the spins of two octahedrally coordinated d 
ions linked by a shared oxide ion should be negative 
(antiferromagnetic behaviour) when the M-O-M angle is 
l80° and positive(ferromagnetism) when it is 90°. 
Preparation of a series of nickel(II) compounds with 
positive exchange coupling constants confirms this 
prediction.
Ferromagnetic behaviour has been observed in 
pure or alloyed iron, nickel or cobalt. Investigations
- 26 -
at low temperatures have brought to light a large 
number of similarly behaved materials and the list is 
still increasing. For example, there are many 
compounds of metals which exhibit ferromagnetism.
With few exceptions in these compounds more than
one kind of magnetic ion is involved and such materials
■ 65are known as ferrimagnetics , for example magnetite, 
Fe^O^ which is the simplest ferrimagnetic compound.
The few ferromagnetic compounds in which only one 
kind of magnetic ion is involved are described here 
briefly.
Chromium(III) bromide, CrBr^, has been reported
to be ferromagnetic below 3 7 °K, with a saturation
3 +moment of 3 B*M. as would be expected for a Cr ion
65
in a crystal field .
59Machin and Nyholm . have reported the preparation 
of hydrated and anhydrous sodium trifluoronickelate(II) 
which exhibit ferromagnetism. These are the only
5 9 6 7compounds of the XMF^ series 1 where X = Na, K or
and M = Mn, Fe, Co or Ni which show this behaviour.
The effective magnetic moments of NaNiF_ and NaNiF H 0
j j
are 2.40 and 2 . 8 8  B.M. respectively at room temperature 
which increase to 5-05 and 5 - 6 2  B.M. at liquid nitrogen 
temperature. Their Curie temperature is l42°K, below 
which their field-dependent magnetic susceptibilities 
increase rapidly. From neutron-diffraction studies it 
has been found that KCrF^ is composed of ferromagnetic 
layers of ions which are coupled antiferromagnetically^.
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The trimeric [Ni^(acac)g] has been reported to 
be the first example of ferromagnetic interaction in
69an isolated cluster • It has a room temperature 
magnetic moment of 3*23 B.M. per nickel(ll) ion, which 
increased as the temperature was lowered to a maximum 
value of 4.1 B.M. at 4.3°K. Below 4.3°K, the magnetic 
moment decreased with decreasing temperature. Nearly 
Octahedral coordination of each nickel(ll) ion in the 
linear trimeric molecule results from the sharing of 
triangular faces of adjacent octahedra. An acetyl- 
acetonato-oxygen atom is situated at each apex of the 
linear triad of fused octahedra. The intramolecular 
Ni-Ni distance is about 2.9 A°. There are no atomic 
bridges between molecules in the crystal lattice, and 
the closest intermolecular Ni-Ni distance is reported 
to be approximately 8 A° and so intermolecular spin- 
spin coupling is expected to be very weak.
*7 0 7 *|
Andrew and Blake 1 have investigated the
magnetic properties of tetranuclear [Ni(OMe)sal(ROH)] ^
compound, where R = Me or Et,over the temperature
range 80-300°K. The magnetic susceptibility of each
of these compounds indicated a ferromagnetic exchange
interaction between the nickel(ll) ions. The effective
magnetic moments of these compounds at room temperature
*
were 3*25 and 3*30 B.M. for R = Me and Et respectively, 
which increased at lower temperatures. The exchange
coupling constants of the methanol and ethanol solvates 
were found to be 5 * 8  and 9 *9° respectively.
The tetranuclear nickel(II) cluster,
[Ni(OMe )(acac)( M e O H ) h a s  been found to be the first
example of a cluster which exhibits both intra- and
72intermolecular ferromagnetic spin coupling . It has 
a room temperature magnetic moment of 3*31 B.M. per -
nickel atom, a value in the range for octahedrally 
coordinated nickel(II) ion. As the temperature was 
lowered, the magnetic moment increased steadily, 
showing an inflection between 1 0 ,and 2 5 °K, and having 
the value of 4.86 B.M. at 2 1 °K. At lower temperatures 
the magnetic moment still continued to increase, 
reaching 5*80 B.M. at 1.63°K. The low temperature 
increase in magnetic moment has been attributed to a 
weak lattice ferromagnetic interaction between tetramer 
molecules in the S r = 4 state. This has been confirmed 
by using magnetization data.
In the cluster complexes above the exchange
interaction leading to parallel spin coupling takes
place between two metal ions via monatomic bridges.
73Ginsberg et al have reported the preparation of 
ferromagnetic di-p,-thiocyanato-tetrakis(ethylenediamine ) 
dinickel(ll) iodide in which the two nickel atoms are 
separated by 5*8 A° and are linked by two three-atom 
covalent thiocyanate bridges. Magnetic measurements 
between 1.5 and 300°K showed that the magnetic moment 
at 2 9 2 °K was 3*04 B.M. and it reached a maximum value 
of approximately 3*3 B.M. near 20°K. Below 7°^ the 
magnetic moment decreased rapidly, reaching 2.37 B.M.
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at 1.65°K. An S' = 2  state for a dimer nickel(II) 
complex, in which four e_ electrons are coupled
O
parallel, corresponds to a magnetic moment of 3*46 B.M.
per nickel atom for g = 2. It has been reported that
the dimer molecules are in a state of total spin, S '= 2
below 20°K, but the full value of |le has not been
observed because of lattice antiferromagnetic
interactions which cause a decrease in the moment at
low temperatures. This conclusion has been supported
by comparison of the experimental data with the values
obtained from the susceptibility equation for a
nickel(II) dimer.
A series of copper(II) chelates prepared from
substituted 1,3,5-triketone ligands have shown field
dependence of the magnetic moments which has been
74attributed to ferromagnetic exchange . The general 
formulae of these copper(ll) dimers are shown in 
Figure 1.1.
R*
HH
Each copper(II) ion is bonded to two terminal oxygen 
atoms and shares two bridging oxygen atoms with the
- 30 -
other 'copper(II) ion. The magnetic properties of these 
compounds have been measured at four different 
temperatures from 423°K down to liquid nitrogen 
temperature. Two of these compounds (1. R = C^H^,
R* = p-BrCgH^ ; 2. R = p-CH^OCgH^, R» = p-CH^CJ^ ) 
have magnetic moments greater than those found for 
copper(ll) compounds with normal magnetic moments which 
are usually between 1.80 and 2.0 B.M. Their room 
temperature magnetic moments are 2.76 and 2.70 B.M, 
respectively. All these chelates show a decrease in 
susceptibility and magnetic moment with increasing field 
strength, this behaviour being characteristic of 
ferromagnetism. Even chelates with low moments show 
the same field dependence, indicating that both ferro­
magnetism and antiferromagnetism are operating in 
these compounds. All compounds of the series show an 
increase in magnetic moment with increasing temperature 
and vice versa. An effective magnetic moment of - 
approximately 3*2 B.M. has been recorded at 423°K and 
3100 G for compounds 1 and 2. This is the highest 
moment which has ever been recorded for a copper(ll) 
compound. From temperature data it has been concluded 
that ferromagnetism predominates at high temperatures 
and antiferromagnetism begins to predominate as the 
temperature is lowered. However the ferromagnetic 
field dependence is still observable at 78°K.
The preparation of a series of binuclear 
compounds, which are formulated as shown overpage -
- 3 1  -
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[chelate Cu(OH) Cu chelate]X0.nH O, has been reported
(where chelate.= 1 ,1 0-phenanthroline or 2 ,2 1-bipyridyl
and X = a variety of mono and bivalent anions). These
compounds have room temperature magnetic moments above
the spin-only value and of the order of 1.9 - 2.0 B.M.
Casey et al have investigated the magnetic properties
of di-jl-hydroxybis (bipyridyl) dicopper (II) sulphate
pentahydrate. They have found that the compound obeysi
the Curie - Weiss law over the liquid nitrogen
temperature range. The effective magnetic moment per
copper(II) ion rises from 1.94 B.M. at 298°K to 2.04 B.M.
at 84°K, behaviour characteristic of ferromagnetism.
Subsequent magnetic susceptibility measurements over
the temperature range 4.2 - 4l.2°K have confirmed this 
77
finding . This kind of interaction is most surprising
because in the analogous compound, where the donor
nitrogen atoms are provided by N , N *-diqthylethylene-
diamine, the magnetic moment falls almost to zero as
the temperature is lowered to 85°K^. A crystal
structure determination of [bipy CutOHO^Cu bipy] SO^, 511^0 ,
75has confirmed the binuclear nature of the cation .
Each copper atom of the dimeric unit is bonded to five 
donor atoms in a distorted square-pyramidal configuration. 
For each copper atom the basal atoms are the bridging 
atoms and the two nitrogen atoms of one of the bipyridyl 
molecules. One of the apical atoms is provided by the 
oxygen atom of the sulphate anion while the other is 
the oxygen of one of the water molecules.
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Another dimeric compound of copper(II), in which
positive exchange interaction has been reported, is
78
bis(pyridine N-oxide)copper(II) nitrate • The crystal
: 79structure of this compound has been determined • Each 
copper(ll) ion is in a tetragonal pyramidal environment 
with trans pyridine N-oxide molecules and nitrate 
groups in the plane of the pyramid, and with an oxygen, 
from pyridine N-oxide, in the plane of the neighbouring 
copper(ll) ion occupying the fifth coordination position 
at the apex of- the pyramid. The magnetic properties of 
this compound have been investigated over the range 
2.4 - 300°K. It obeyed the Curie-Weiss law with a 
value for 9 of -2°K and a magnetic moment of 1.90 B.M. per 
copper(II) ion at room temperature. The magnetic 
behaviour of this compound was reproduced by substitution 
of J = 1 5cm and g = 2 . 1 1  in the theoretical expression 
for a binuclear copper(II) complex.
8 0Villa and Hatfield have also reported the 
existence of weak ferromagnetic interactions in the 
bis(N,N -diethyldithiocarbamato)copper(II) complex.
The effective magnetic moment at 5 6 °K was 1 . 8 6  B.M. 
which increased to a maximum value of 1.93 B.M. at about 
1 5°K. Below 15°K the effective magnetic moment decreased 
and reached a value of 1.75 B.M. at 4.2°K. This decrease 
has been attributed to an additional lattice antiferro­
magnetic interaction. At higher temperatures the 
magnetic moments have been reported to be close to the
i , 8l
spin— only value
- ■ 3 3 -
Ferromagnetic. behaviour has been reported for the
five coordinate bis(N,N -diethyldithiocarbamato)iron(III)
82chloride at very low temperatures • The compound is not 
polymeric and thus the magnetic exchange is probably due 
to a weak interaction between discrete molecules. The 
Curie temperature has been found to be 2.5°K. The 
iron atom in this compound has been shown to be approxi­
mately at the centroid of a rectangular pyramid formed 
by a base of four sulphur atoms and an apex of a chlorine
. 83atom
Another iron compound in which ferromagnetic
84interaction has been observed is phenanthroline iron(ll)
dichloride, Fe(Phen)Cl . Susceptibility measurements on
this compound have been carried out over the temperature
range 4.2 - 3 0 0 °K and at various field strengths. It
obeyed the Curie - Weiss law with a Weiss constant, 0,
of 12 ± 4°K and a magnetic moment of 5*4 B.M. at high
temperatures. The magnetic susceptibility and thus the
magnetic moment were both field dependent.
In all the compounds discussed the ferromagnetic
interaction is usually weak and, in most cases, it is
not detectable at room temperature. Ferromagnetic
behaviour appears only at low temperatures. Larkworthy 
85and Trigg have prepared compounds of the type M^CrCl^, 
where M = Cs, Rb, NH^ or K, which exhibit strong 
ferromagnetism. Even the room temperature magnetic 
moments indicate the ferromagnetic properties of these 
compounds because they are well above the spin-only
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value of 4.9 B.M. and increase considerably with 
decreasing temperature. This series of compounds 
have the highest magnetic moments that have been found. 
For example, the room and liquid nitrogen temperature 
magnetic moments of Rb^CrCl^ are 5*80 and 11-30 B.M. 
respectively. The reflectance spectral results 
indicate that the chromium(ll) ions are in a distorted 
octahedral environment, and therefore chloride bridges 
must be present to make the chromium(ll) ions six 
coordinate.
- 35
a i m  of w o r k
The aim of this work has been to extend the 
knowledge of chromium(II) chemistry, especially of 
compounds exhibiting ferromagnetism. The first ferro­
magnetic compounds of chromium(II) reported: M^CrCl^ 
(where M = Cs, Rb, NH^ or K ), were all prepared by 
thermal dehydration of the dihydrates, and this produced 
a microcrystalline material. It was hoped that similar 
compounds of organic cations could be crystallized 
anhydrous from organic solvents so; that ferromagnetic 
species could be obtained more directly. It was also 
hoped that structural studies, X-ray powder photography 
in particular, might help to explain more clearly how 
the ferromagnetism arose. The earlier reflectance 
spectral data showed the chromium(II) ions in the 
compounds M^CrCl^ to be in a distorted octahedral 
environment.. To account for this and for the presence 
of ferromagnetism, these compounds must have polymeric, 
chloride-bridged structures. Since the nature of the 
bridging ion is likely to affect the magnitude and the 
sign of the magnetic interactions it was hoped that an 
investigation of other complex halides and thiocyanates 
of chromium(II) would also lead to the preparation of 
new complexes of unusual magnetic behaviour and structure.
- 36 -
CHAPTER 2 
EXPERIMENTAL TECHNIQUES
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(l) Apparatus and Preparative Methods
Due to the high sensitivity of chromium(II)
compounds to oxygen all manipulations were carried out
under nitrogen or under vacuum (Figure 2 . 1  - 2.5)
7 28using apparatus described previously 1 . tTWhite spotrr
nitrogen was passed through a column about 5 0 cm in
length and 5 cm in diameter, containing slightly crushed
B.T.S. deoxygenation catalyst, type R3/11, supplied by
the B.A.S.F. Co. Ltd. The catalyst was essentially
finely divided copper oxide deposited on an inert
carrier and activated by various reagents. It was
supplied in the oxidized form. After crushing it was
placed in the glass tube and reduced by heating under
hydrogen at l40 - l6 0 °C. The water formed was drained
out of the column into a container. If necessary the
nitrogen, which entered the main apparatus at (C),
could be dried by passage through a column containing
anhydrous magnesium perchlorate
The apparatus was evacuated and flushed three
times with nitrogen before use, and was always left
under nitrogen or vacuum. Solid hydrated chromium(ll)
halides were prepared as parent substances by dissolution
of spectroscopically pure chromium pellets (supplied by
Johnson Mathey and Co.) in the appropriate Analar
12halogen acid, as mentioned previously .
The compounds were generally prepared, filtered 
off, washed with solvent and dried under vacuum or 
continuous pumping for several hours. They were then
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ground and shaken into the glass tubes which were sealed 
off under vacuum or reduced pressure. Certain anhydrous 
double halides were prepared from the hydrated compounds 
by filtering them off in the apparatus shown in Figure 
2.2(a). The hydrated compound was then dried, the glass 
at A was sealed off, and the whole immersed in an oil 
bath [Figure 2.2(b)] and heated between 120 and 150°C 
for several hours, under vacuum. After this, the Pig, 
previously filled with nitrogen, was quickly attached to 
the side arm of the apparatus against a rapid flow of 
nitrogen. The compound was then placed in the tubes 
which were sealed off under vacuum.
The anhydrous pyridinium chrOmium(ll) double 
chloride and double bromide were obtained by dehydration 
of the dihydrates over phosphorus pentoxide in an 
apparatus which was wholly at about 45 - 70°C to prevent 
condensation of pyridinium halide on coJLder parts of 
the apparatus [Figure 2.2(c)]. For the preparation of 
some anhydrous compounds the recrystallization apparatus 
shown in Figure 2.4 was used.
The colours of all the dry compounds were assigned 
by comparison with the standard colours as given in the 
"Methuen Handbook of Colour" .
(2) Magnetic Measurements
The magnetic susceptibilities of all the compounds 
prepared in this work were measured on a Newport 
Instruments Ltd. Gouy Balance, from room temperature to 
liquid nitrogen temperature(300 - 90°K). The samples were
&3
Pump
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tube
Thermocouple
Nitrogen
Liquid
nitrogen
Copper chamber 
surrounded by 
heating coil and 
platinum resistance
Asbestos pad
Figure 2 » 6
The Cryostat
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sealed under vacuum in flat-based Pyrex glass tubes of 
uniform cross-section. Each glass tube was calibrated 
over the temperature range at several different field 
strengths, so that the diamagnetism of the glass could 
be allowed for when calculating the susceptibility of 
the Sample. The sample was suspended in the cryostat, 
shown in Figure 2.6 , which could be thermostated at the 
required temperature. The temperature was obtained 
from the e.m.f. of the thermocouple, which was positioned 
near to the centre of the tube, and which had been 
calibrated with copper sulphate pentahydrate . A 
precision ammeter was used so that by adjustment of a 
rheostat, the current and therefore the field could be 
accurately reproduced. All measurements were carried 
out under nitrogen which has negligible susceptibility.
The gram susceptibility (x ) is given by the
S
expression:
v = 2glw
* wP"
where g = the acceleration due to gravity,
1 = the length of the sample,
w = the change in weight on application of the 
field (allowing for the diamagnetism of the glass tube),
W = the weight of the sample,
H - the magnetic field experienced by the sample. 
The field strengths, at different values of current in the 
electromagnet and for different lengths of, sample, had 
been previously determined using solutions of nickel(II)
. - 4 5  - ■;
88chloride . The gram susceptibility was multiplied by 
the molecular weight (M) to give the molar susceptibility 
(X^). The atomic susceptibility (X^) of* the metal was 
obtained by correcting for the diamagnetism of the 
ligands and other ions present in the compound. The 
diamagnetic corrections were either obtained from the 
literature or calculated according to the method of 
Pascal^3 .
The effective magnetic moment (jl^ ) was calculated 
from the formula:
Pe = 2 . 8 2 8 ^  B.M.
where T = the absolute temperature
B.M. = the Bohr Magneton
Ferromagnetic compounds exhibit field - dependent
susceptibilities below their Curie temperature. At a
given temperature and for a given sample, g, 1 , m, and ¥
are constant, so that Xj^ is directly proportional to 
2w/H and should not change with H if ferromagnetic 
impurities are absent and the packing is satisfactory. 
Values of w/H were determined at.room temperature and 
at several field strengths for each compound. This 
procedure was also carried out at low temperatures with 
several of the ferromagnetic chromium(II) compounds, 
although no field dependence was found because the Curie 
points lie below the temperature of liquid nitrogen. For 
measurements at low temperatures, especially with the 
ferromagnetic compounds, the sample tube was fabricated 
from heavy - walled capillary tubing so that the change
- 46 —
in weight in the field was reduced by the low sample 
weight and the diamagnetism of the glass. Normal 
diameter tubes stuck to the side of the cryostat at 
low temperatures and high field strengths.
(3) Ultraviolet and Visible Spectra
Diffuse reflectance spectra were recorded over 
the range 3 5 , 0 0 0  - 5 , 000cm * using a Unicam S. P. 7 0 0 C 
spectrophotometer with a reflectance attachment.
Lithium fluoride was used as the reference. The solid 
compounds were sealed under vacuum in a 2mm silica 
solution cell which was then laid flat to act as a 
reflectance cell. For low temperature measurements, 
the sample and reference were cooled by leaving them 
in contact with the base of a copper container filled 
with liquid nitrogen for about thirty minutes. A 
constant stream of dried nitrogen was blown on to the
■ *
light window from below to prevent any misting. In 
each case the cells were covered by a black box or 
cloth to prevent the entry of stray light.
Solution spectra were recorded on a Unicam 
S. P. 7 0 0 C with a transmittance attachment . The solutions 
were placed, under nitrogen, in a lcm silica cell using 
the apparatus shown in Figure 2.7* Pure solvent was 
placed in the reference cell.
To measure the extinction coefficient of an air - 
sensitive compound the following procedure was carried 
out:
(I) A sealed tube, containing the compound, was notched
. VI '
C &
C e
♦•rt. s° %**■
r&-t^ s * „ n i«-°s
K?Pa «£0-der
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and weighed accurately (a).
(II) The apparatus shown in Figure 2.7 (A) was weighed 
and reweighed when the appropriate amount of deoxygenated 
solvent had been placed in it. This gave the weight of 
the solvent. The volume was obtained by calculation 
using the density of the solvent.
(III) The tube was broken in the ball joint after the 
whole apparatus had been evacuated and filled with 
nitrogen three times. The compound was then dissolved 
in the solvent.
(IV) The solution was tipped into the cell under vacuum 
and the apparatus was filled with nitrogen.
(V) The taps were turned off. The cell was detached 
from the apparatus while it was closed with a tap and 
then the spectrum, was recorded.
(VI) The broken pieces of the tube were carefully
t
collected and weighed. This weight was subtracted from
(a) to give the weight of the compound.
(VII) The molar extinction, £, was calculated from the 
formula:
where A = the absorbance
c = the molar concentration 
1 = the path length (lcm).
Solutions could be diluted by the addition of further 
solvent•
- 4 9  -
(4) Infra-red Spectra
The infra-red spectra were recorded, over the
•. __ *
range 4,000 - 2 0 0 cm , on a Perkin Elmer 577* The
compounds were prepared as nujol mulls between polythene,
KBr or NaCl plates. Far infra-red spectra were recorded,
using a RIIC Interferometer 720, over the range 5 0 0  - 
— 150cm . Again the compounds were prepared as nujol 
mulls between polythene plates. The mulls were prepared 
in a plastic bag with gloves attached, flushed out with 
nitrogen. The mulling agent had previously been 
deoxygenated with nitrogen and then stored over 3A 
molecular sieve.
(5) X-ray Powder Photographs
The X-ray powder photographs were obtained using 
a Philips Debye-Scherrer camera having a diameter of 
ll4.6mm and Cu Ka radiation (X = l.-54l8 A°) with a Ni 
filter. All samples were sealed in air-free Lindemann 
capillary tubing with a diameter of 0 .5mm.
Some difficulties were encountered in the 
transference of the solid to the capillary tubes, since 
the small amount of air present in the capillary tube 
must be removed. However, a simple apparatus was 
developed and this is shown in Figure 2 .8 . The capillary 
tube was joined to a polythene tube by Araldite or molten 
wax. This in turn was joined to a breaking apparatus.
The apparatus, including the capillary tube, was 
evacuated and filled with nitrogen three times. The 
compound was then transferred to the capillary tube to a
Figure 2.8
Apparatus for filling X-ray powder capillaries
Screw clip
Lindemann capillary
TU
Polythene tube
Araldite
Sample
Compound in 
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depth of* 0.5 - 1.0cm. The capillary was then broken by 
pinching it between finger-nails and sealed immediately 
with Araldite or molten wax. If necessary the compound 
was first ground up by shaking it with glass beads in 
the apparatus. Next, the capillary was mounted at the 
centre of the camera which was loaded with an X-ray 
film. The camera was placed in the diffractometer and 
an exposure of 2 - 3 hours was usually adequate to give 
a film with well-defined lines after developing.
To determine the interplanar spacings the distances 
between symmetrical pairs of arcs were measured using a
89special film-measuring device . Care was exercised to 
ensure that the long direction of the film was truly 
parallel to the scale of the measuring device, as shown
in Figure 2.9*
The readings were made in succession on two
corresponding arcs (left and right) by placing the cross
hair at the centre of each arc and recording the value
to 0.1mm. A table was constructed to facilitate the
measurements (Figure 2 .1 0 ). The large reading was
placed under the column heading x and the smaller under
x^ ,. x„ + x.. was calculated and was consistent to ± 0 .1mm 1 2 1
This was carried out to ensure that the reading was
correct. The radius of the camera had been chosen in
such a way that the diffraction angle, 0 , could be
measured directly in millimetres. By knowing 0, the
corresponding value of d was determined from available 
- 90charts ... The d values could also be calculated from
- 52
90
l8 0mm
Figure 2. 9
line
no. X 2 X 1
check
X 2+Xl
arc
length
s=x2-x i
ii
CD
X
^-2sin6
I
Figure 2 .10
53 -
Braggfs equation, X = 2d sin 0 . The relative intensities
of the arcs were determined visually.
Comparisons were made of the 0 and d values of
chromium(ll) compounds with those of the corresponding
copper(II) compounds. In one case, only, it was not
possible to prepare the copper(II) compound for
comparison, this being Cs^CuCl^(H^O)^, since low
temperatures (less than 1 0°C) are required throughout
91 '
the preparation and measurements . However, by 
knowing the unit cell parameters of Cs^CuCl^(H^O)
2 2
sin 0 could be calculated and compared with sin 9 of 
the chromium(II) analogue. The following equation for 
a tetragonal system was used:
sin2 6 = (h2 + k2 ) + l2
4a2 4a2
where a and c = lattice constants ? 
h, k and 1 = Miller indices ^
X = X-ray wavelength $
0 = Bragg angle, ,
(6) Reagents and Solvents
Analar grade of solvents, such as ethyl acetate,
2 ,2-dimethoxypropane or ethanol, were used. Each 
solvent was deoxygenated by bubbling nitrogen through 
it for thirty or forty minutes immediately before use. 
Solids of analar, or otherwise guaranteed quality, were 
used without purification.
The technical grade amines were refluxed for
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several hours over metallic sodium. They were then 
distilled in vacuo. . The fractions collected ( dien,
7 8 - 79°C at 3mm; trien, 128 — 131°C at 3mm ) were 
used for the preparation of the halide complexes.
Some amines were converted to the ammonium chloride or 
bromide salts before reaction with the chromium(ll) 
halide.
(7) Thermogravimetric Analysis
A Stanton Automatic Thermo-Recording balance was 
used. A small quantity of the sample ( u p  to lOOmg ) 
was placed in a platinum crucible and transferred
quickly to the furnace, through which a stream of
nitrogen was flowing. The transfer of very air - 
sensitive compounds was carried out with the crucible 
in a desiccator containing nitrogen.
(8 ) Analytical Methods
Chromium. The percentage of chromium was determined
as follows: A sealed tube containing the compound was
notched with a glass knife, weighed and then snapped. 
The compound was emptied into a beaker and the glass, 
including any chips, was reweighed. The weight of the 
compound was obtained by difference. The compound was 
dissolved in water, oxidized with 1ml of concentrated 
nitric acid, and the mixture was boiled until a deep 
green solution was obtained. The chromium was 
precipitated as chromium(III) hydroxide by adding 
concentrated ammonia until the solution was alkaline to 
methyl red, and then determined as chromic oxide by
-  55  -
ignition. In some cases better results were obtained
when the complex was ignited to chromic oxide by
heating it directly in a crucible with a few drops
each of concentrated nitric and sulphuric acids.
Halides. The percentages of halides were determined
gravimetrically as the silver halide, employing the
2.standard method , on the filtrate from the chromium 
determination..
Water molecules were determined thermogravimetrically. 
Microanalysis. Carbon, hydrogen and nitrogen analyses 
were carried out by the University of Surrey 
Microanalytical Laboratory.
CHAPTER 3 
CHROMIUM(II) COMPLEX CHLORIDES
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Introduction
The chemistry of the halides of the first row
transition metals is a popular field of research,
especially complex halides such as Cs^CoCl^ and
(Et^lO^NiCl^. Complex halides have found extensive
application in the more theoretical areas of inorganic
chemistry. This is because they usually contain ions
of high symmetry and low molecular complexity. It is
with such molecules that the assignment of the observed
data is least ambiguous. The simple halides are
especially important to the preparative chemist since
they are convenient starting materials for the synthesis
of many new coordination compounds. Complex halides
are also frequently known as double halides.
In spite of extensive progress in the chemistry
of double halides little is known of chromium(ll)
92
compounds. Barbieri and Tettamanzi claimed to
prepare a chromium(II) compound formulated as
CrCl .2HC1(hexamethylenetetramine)4KL0 from a 1 : 1
d d
solution of concentrated hydrochloric acid and water. A
more likely chemical formula for this compound would be
(CgH^N^) [CrCl^(H^O) .2H^0, since HCl is unlikely to
exist as such in the presence of a strong base. However, 
29recently Trigg has reported an unsuccessful attempt
to prepare this complex. He used chromium(II) chloride
instead of chromium(II) acetate. His lack of success
was attributed to the fact that hexamine reacts with
93hydrochloric acid m  the following way :
- 58 -
C6H 12N 4 + ^ 2 °  + ZlHC1 *4CH NH 2,HCI + 2C02
Compounds of the type MCrCl^ and M^CrCl^, where
94-97
M  = K, Rb or Cs, have been reported to exist ,
from phase studies of molten mixtures of chromium(ll)
chloride and alkali metal chlorides. It has been
found that, regardless of the relative proportions of >
sodium chloride and chromium(I I ) chloride, the only
compound obtained on fusion of the mixture was sodium
pentachlorochromate(II) . Under n o  conditions, did the
other alkali metal chlorides give such salts. This
curious effect was thought to be due to the small
ionic radius of the sodium ion. No other investigation
29has been carried out with small cations. Trigg has 
failed to prepare any compound with lithium chloride 
in aqueous solution.
98
Hardt and Streit reacted stoichiometric 
quantities of an alkali metal acetate or an organic 
nitrogen base with a solution of anhydrous chromium(ll) 
acetate in a mixture of acetyl halide and anhydrous 
acetic acid. They obtained compounds of the empirical 
formulae MCrCl^ (where M ■= Cs, Rb, NH^., (Me^N) or PyH), 
M'^CrCl^ (where M f = Cs, Rb or N H ^ ), (Me^N)CrBr^,
CsCrBr^ and (PyH)^CrBr^.2CH^C00H. The tetrachloro- 
chromates(II) were found to be tetragonal, whilst the 
trihalochromates(II), except for those of ammonium and 
potassium, were hexagonal.
44Gruen and McBeth reported the existence of a
■ 2- '■
distorted tetrahedral anion, [CrCl^J , in a molten
- 59 -
KCl - LiCl eutectic, containing CrClg. They recorded a
— i •
broad band at 9,800cm (£ = 45), which they assigned
er c
to the T ---»• E absorption in tetrahedral symmetry,d
the temperature of measurement being over 400OC.
4 5
Holah and Fackler studied chromium(II) halide - 
acetonitrile complexes, in the presence of excess 
tetra-alkylammonium halides, in the hope of isolating 
solid tetrahedral anions as the tetra-alkylammonium 
salts. However they were not successful. The addition 
of tetraethylammonium bromide to an acetonitrile 
solution of CrBr CH CN produced a single strong band
d* J
-1 -1 -1 
at about 10,000cm , £ being equal to 225 cm mol .
They concluded that a distorted tetrahedral anion was
present in the solution.
Isolation of substances of the nominal composition
46(Et^N)2CrX^ has been reported by Scaife . These
-1
compounds had reflectance bands near 10,000cm ,
suggesting distorted tetrahedral coordination of the 
chromium(II) ion.
The preparation of CsCrCl^(H20 )2 and M^CrCl^(H^O)2 , 
where M  = Cs, Rb, K or NH^, and the analogous anhydrous 
compounds, by Larkworthy and Trigg, was mentioned in 
Chapter 1, ferromagnetism section.
Much work has been carried out on copper(II) 
complexes. Compounds of the "type MCuC1^.2H20,
M  CuX,.2H 0 (where X = Cl or Br), the corresponding(
di T  ^
anhydrous compounds and MCuBr^, where M  represents 
different alkali metals and alkylammonium groups, have
- 6o -
been reported^^. The tetrachlorodiaquocuprates(II) and
tetrabromodiaquocuprates(II) are usually isoraorphous
2—
and tetragonal, containing trans-[CuX^CH^O)^] anions.
For example, ammonium tetrabromodiaquocuprate(II) is
reported to be isomorphous with the corresponding
13b 99chloro-compound 1 . The two compounds are tetragonal
and the copper ion is surrounded by a distorted 
octahedron of* four halide ions and two water molecules. 
The structures of* the tetrahalocuprates(ll) fall
into two distinct classes, those containing tetrahedral
anions and those with square planar anions. The
compounds (Me^N)^CuX^, (Et^N^CuX^ and (Me^NH^^CuCl^
were s h o w n ^ 5^ ^  hy spectral and crystal structure
data, to contain distorted tetrahedral anions as in
Cs^CuX^ • whilst in (MeNH^^CuX^ and (EtNH^)CuX^ the
anions are square planar^^. Ethylenediammonium
tetrabromocuprate(II) is isomorphous with the
corresponding chioro-compound and thus contains square
planar tetrabromocuprate ( II) ani o n s ^ C. The preparation
of* (dienH )CuCl (trienH. ) C u C l / - h a s  also been
3 5 4 6
reported. (trienH^)CuClg probably consists of a
■ 2 —  '
square planar [CuCl^] unit with two free chloride ions
as in (dienH )CuCl ^ !
J ■ >
Thermochromism is a common property of square 
planar tetrachlorocuprate(II) compounds. For example, 
the ammonium, methylarnmonium and ethylammonium salts
are thermochromic, becoming light green in colour on
102,104 TT.__ . , T . . , , 102cooling * . Willett, Liles and Michelson
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accounted for this low temperature colour change by 
postulating a difference in coordination geometry about 
some of the copper atoms. X-ray and optical studies 
of both room temperature and high temperature forms 
of [(NH CH CH ) NH ]Cl[CuCl,] suggested that the
J  di d d  d  ^
thermochromism might arise from changes in the shapes
of the absorption bands, rather than from shifts in
107their positions . This compound shows thermochromxsm 
both below and above room temperature. At low 
temperature it .is light green whereas at high temperature 
at about 120°C, it changes from yellow to orange-brown. 
The same behaviour has been reported for ethylene-
1 o 3diammonium tetrachlorocuprate ( II ) , (enH^CuCl^
The compound exhibits a pale green colour at low 
temperature and an orange-brown colour around 1 0 5°C. 
Diffractometer patterns of finely powdered samples of 
(enH^OCuCl^, at 25°, 90° and 105°G, revealed no major 
shifts in the d - spacings. It seemed likely that a 
structural realignment of anions did not occur at 
elevated temperatures.
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Experimental
All preparations and measurements were carried out 
under nitrogen using the apparatus described in Chapter 2. 
The compounds were dried under vacuum or continuous 
pumping.
(1) Caesium Tetrachlorochromate(IT)
This compound was obtained by thermal dehydration 
of the dihydrate and from solution of the appropriate 
starting materials in a mixture of anhydrous acetic acid 
and acetyl chloride.
(a) Thermal Dehydration of the Dihydrate.
Caesium chloride(7.25g«) was dissolved in a 
solution of chromium(II) chloride tetrahydrate(k .I9g«) 
in water(20ml.). The blue solution was concentrated, 
iinder vacuum, Until a few ml. remained. It was then 
shaken with acetone and blue crystals separated. The 
crystals were filtered off on a sinter,, washed with 
acetone and dried for half an hour. The blue compound 
was then heated to approximately l40°C under vacuum for 
about six hours (Figure 2.2b). A brownish grey compound 
resulted which was stable on exposure to air.
Calculated for Cs^CrCl^ : Cr, 11.31 ; Cl, 30 . 8 5  %
Found : Cr, 1 1 . 6 2  ; Cl, 30 . 8 9  %
(b) From Glacial Acetic Acid
Chromium(ll) chloride tetrahydrate(2.13g-) was 
filtered off on the sinter of the recrystallization 
apparatus and washed with acetone. The filtrate was 
removed and the chromium(ll) chloride tetrahydrate was
dried for one hour under vacuum.
Caesium chloride, in excess (4.8 8 g.), was 
dissolved in a mixture of glacial acetic acidClOOml.) 
and acetyl chloride(30ml.) and transferred to the 
recrystallization apparatus. The caesium chloride 
solution was heated until a small amount of vapour 
condensed on the sinter and dissolved a small amount 
of chromium(II) chloride. It was then cooled and the 
chromium(II) chloride solution was allowed to suck back 
into the caesium chloride solution. The procedure was 
repeated until no chromium(ll) chloride remained on the 
sinter. The greyish pink precipitate obtained was 
filtered off on a sintered filter, washed with a mixture 
of glacial acetic acid and acetyl chloride and then 
dried for ten hours in vacuo. The dry compound is 
fairly stable and on exposure to air it turned pink 
after about one day.
Calculated for Cs^CrCl^ : Cr, 11.31 ; Cl, 30 . 8 5  %
Found : Cr, 11.62 ; Cl, 30.82 %
(2 ) Reformation of Caesium Tetrachlorodiaquochromate(II) 
Caesium tetrachlorochromate(II)(3 »66g.) was 
dissolved in water(15ml.) to give a blue solution which 
was filtered. The solution was concentrated under 
vacuum until light blue crystals appeared. These were 
dissolved in a minimum of water and the solution shaken 
with acetone. The light blue precipitate obtained was 
filtered off, washed with acetone and dried for about
eight hours under vacuum. The dry compound is fairly 
stable, turning pink after a few hours in air. 
Calculated for Cs^Cr.Cl^ (H^O ) ^  : Cr, 10.47 ; Cl, 28.55 %
Found :Cr, 10.78 ; Cl, 28.51 ^
(3) Pyridinium Tetrachlorodiaquochromate(II)
Chromium(II) chloride tetrahydrate(3•3lg. ), 
dissolved in ethanol(40ml.), was added to a solution 
of pyridinium chloride(3 .9 2g.) in ethanol(2 0ml.), 
slowly with shaking. Pastel green crystals separated 
from a blue solution. The crystals were filtered off, 
washed with a small amount of ethanol and dried under 
vacuum for six hours. Once dry, the crystals were 
ground gently in the filtration apparatus and placed 
in tubes which were sealed off under vacuum.
Calculated for (C^H^NlO^CrCl^ (H^O),^ : Cr, 13*33 ;
Cl, 36.41 ; C, 30.76 ; H, 4.10 ; N, 7-24 %
Found : Cr, 13•50 ;
Cl, 36.23 ; C, 3 0 . 6 9  ; H, 4.10 ; N, 7.24 %
(4) Pyridinium Tetrachlorochromate(II)
The hydrated compound was prepared as in (3), 
filtered off on a sinter, washed with ethanol and 
dried for seven hours by continuous pumping. The 
sinter was then joined to the flask containing 
phosphorus pentoxide (Figure 2.2C). The whole 
apparatus was then evacuated and left in an oven at 
about 45°C for eight days. A yellow compound was
obtained which is hygroscopic and air^sensitive. On 
exposure to air it quickly turned pink and then green. 
Calculated for (C H NH>2'CrCl^ : Cr, l4.68 ; Cl, 40. 11 ; 
C, 33.90 ; H, 3.39 ; N, 7.91 %
Found : Cr, 15.32 ; Cl, 40.26 ;
C, 3 2 . 7 9  ; H, 3 . 5 1  ; N, 7 . 8 3  %
(5) Pyridinium Trichlorochromate (II)
Chromium(II) chloride tetrahydrate(1.80g.) was 
dissolved in glacial acetic acid(250ml.), by heating, 
and gave a light green solution. To this was added 
acetyl chloride(20ml.) and a blue solution resulted.
When a solution containing an excess of pyridinium 
chloride(3 .Olg.) dissolved in glacial acetic acid(20ml.)
was added slowly, with shaking, yellow crystals
$
separated immediately. These were filtered off on a 
sintered filter, washed with a mixture .of acetic acid
and acetyl chloride and then dried for twenty hours
in vacuo. The dry compound is air-sensitive and 
hygroscopic. On exposure to air it turned green.
Calculated for (C H NH)CrCl : Cr, 21.80 ; Cl, 43.48 ;
5 3 J
C, 25.16 ; H, 2.52 ; N, 5 . 8 6  %
Found : Cr, 22.40 ; Cl, 44.24 ;
C, 25.44 ; H, 2.54 ; N, 5 . 9 6  %
(6) Methylammonium Tetrachlorochromate(II)
Chromium(Il) chloride tetrahydrate(4.86g.), 
dissolved in ethanol(2 5ml.), was added to a solution of
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methylammonium chloride(3*36g.) in ethanol(100ml.).
The mixture was shaken and pale yellow-green crystals 
precipitated. The crystals were filtered off, washed 
with ethanol and dried for eight hours under vacuum.
A bright greyish yellow compound was obtained which on 
exposure to air turned green and then pink within half 
an hour.
Calculated for (CH^NH^)^CrCl^ : Cr, 20.15 ; Cl, 54.97 ; 
C, 9-30 ; H, 4.65 ; N, 1 0 . 8 5  %
Found : Cr, 1 9 . 8 1  ; Cl, 54.70 ; 
C, 9.44 ; H, 4.85 ; N, 11.06 %
(7) Dimethylammonium Tetrachlorochromate(II)
Chromium(II) chloride tetrahydrate(4.83g.), 
dissolved in ethanol(3 0ml.), was added to a solution of 
dimethylammonium chloride(4.0 3 g.) in ethanol(3 0ml.).
  l
A blue solution was obtained. It was concentrated, 
under vacuum, until 25ml. remained, and then 2,2-dimeth- 
oxypropane was added with shaking. Off-white crystals 
precipitated immediately from a bright green solution.
The crystals were filtered off, washed with ethanol 
containing a small amount of 2,2-dimethoxypropane and
dried in vacuo for two and a half hours. The dry
compound is air-sensitive and hygroscopic. On
exposure to air it turned green in less than half an
hour. In dry air(desiccator) it turned pink.
Calculated for [(CH^) ^CrCl^ : Cr, 1 8 . 1 8  ; Cl, 49.65
C, 1 6 . 7 8  ; H, 5.59 ; N, 9.79 %
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Found : Cr, 18.08 ; Cl, 49 . 6 7  ; C, 1 6 . 5 0  ; H, 5-87 ;
N, 9.88 %
(8) Dim ethyl ammonium Trichlor ochr ornate (II.)'
Chromium(II) chloride tetrahydrate(3-67g. ) , 
dissolved in glacial acetic acid(2 5 0ml.) by heating, 
was added to a solution containing excess dimethyl- 
ammonium chloride(1 5g.) dissolved in glacial acetic 
acid(25ml.). Light olive green crystals separated 
immediately from a light green solution. They were 
filtered off on a sintered filter, washed with glacial 
acetic acid and dried under vacuum for six hours. The 
dry compound is yellowish grey. It is hygroscopic and 
air-sensitive, quickly turning green on exposure to air. 
Calculated for [(CHy^NH^JCrCl^: Cr, 25-42 ; Cl, 52.07 ;
C, 1 1 . 7 3  ; H, 3 . 9 1  ; N, 6.84 %
Found : Cr, 25-75 ; Cl, 51.80 ;
C, 11.74 ; H, 4.40 ; N, 6.8l %
(9) Tetramethylammonium Trichlorochromate(I I )
To a solution of tetramethylammonium chloride(3.l6g.) 
in ethanol(100ml•) was added chromium(ll) chloride 
tetrahydrate(2.79g-), dissolved in ethanol(30ml.). The 
mixture was shaken and off-white crystals precipitated.
The crystals were filtered off, washed with a small 
amount of ethanol and dried for five hours in vacuo.
The compound is fairly stable and on exposure to air 
turned green gradually. In dry air (desiccator) no
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change in colour was observed after one night. 
Calculated for [(CH3 )7tN]CrCl3 : Cr, 22.36 ; Cl, 45-80 ; 
C, 20.64 ; H, 5 . 1 6  ; N, 6.02 %
Found : Cr, 22.29 ; Cl, 45-62 ;
C, 2 0 . 5 3  ; H, 5 . 4 3  ; N, 6 . 1 6  %
(10) Ethylammonium Tetrachlorochromate(XI)
Chromium(ll) chloride tetrahydrate(6.44g.), 
dissolved in ethanol(5 0m l.), was added, with shaking, t 
a solution of ethylammonium chloride(5 -3&g-) in ethanol 
(80ml.). The yellow-green crystals, which separated 
immediately, were filtered off, washed with ethanol 
and dried for six hours under vacuum. A silver compound 
was obtained. It is hygroscopic and air-sensitive, 
turning green on exposure to air.
Calculated for (C^H^NK^)^CrCl^ : Cr, 1 8 . 1 8  ; Cl, 49-65 
C, 1 6 . 7 8  ; H, 5-59 ; N, 9-79 %
Found : Cr, 1 8 .24 ; Cl, 49-46 
C, 16.73 ; H, 5-95 ; N, 10.15 %
(11) Ethylenediammonium Tetrachlorochromate(II)
Chromium(ll) chloride tetrahydrate(4.55g-) was 
dissolved in 12N hydrochloric acid(40ml.) by heating.
To this was added a solution of ethylenediammonium 
chloride(3 -0 6 g.) in 12N hydrochloric acid(100ml.).
The mixture was cooled in ice while shaking and then 
allowed to stand for a few minutes; yellow-green 
crystals separated from a light blue solution. The
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crystals were filtered off on a sintered filter, washed 
with concentrated hydrochloric acid and then acetone 
and dried for four hours under vacuum. The dry compound, 
which looks greyish green, turned green in less than one 
hour on exposure to air.
Calculated for (NH^CH^CH^NH^)CrCl^ : Cr, 20.*31 ;
Cl, 55.46 ; C, 9.37 ; H, 3.90 ; N, 10.93 %
Found : Cr, 20.01 ;
' ' ' C,
Cl, 5 5 . 2 6  ; C, 9 . 1 2  ; H, 4.03 ; N, 10.64 %
(l2) Piethylenetriammonium Pentachlorochromate(II)
Chromium(II) chloride tetrahydrate(4.63g-) was 
dissolved in 12N hydrochloric acid(l00ml.) by heating. 
This was added, with shaking, to a solution of 
diethylenetriamine(7.90g.) in water(10ml.) and 12N 
hydrochloric acid(30ml.). A blue solution resulted 
but no crystals separated. Hydrogen chloride was 
passed through the solution for approximately one 
minute. The blue solution turned green and greenish 
grey crystals precipitated. These were filtered off on 
a sintered filter, washed first with concentrated 
hydrochloric acid and then with ethanol, and dried for 
seven hours in vacuo. The dry compound turned green 
and absorbed moisture on exposure to air.
Calculated for ( N H ^ C H ^ H ^ H ^ H ^ H ^ H ^ ) CrCl^ : Cr, 15-49 ;
ci, 5 2 . 9 0  ; c, i4.3 l ; H, 4.77 ; N, 1 2 . 5 2  %
Found : Cr, 15*1.4 ; 
Cl, 52.91 ; c, l4. 45 ; H, 4 . 9 8  ; N, 1 2 . 7 6  %
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(■'13 ) Triethylenetetrammonlum Hexachlorochromate (II)
A solution of triethylenetetramine(6 .05g.) in 
water(15ml. ) and 12NT hydrochloric acid(5 0ml. ) was added 
to chromium(II) chloride tetrahydrate(8.Olg.), dissolved, 
by heating, in concentrated hydrochloric acid(130ml.).
The mixture was Shaken and yellow-green crystals 
separated from the light green solution. The crystals 
were filtered off, washed first with 12N hydrochloric 
acid, sucked dry and washed with ethanol. The compound 
was dried for seven hours under vacuum. The dry compound 
is off-white in colour and on exposure to air it turned 
green within half an hour.
Calculated for (NH CH^CHgNH^CH^CH^NHgCH^CH^NH^)crClg 3.V 
Cr, 12.53 5 Gl,' 51.32 ; C, 17-34 ; H, 5.30 ; N, 13-49 %
Found :
Cr, 12.87 ; Cl, 50.83 ; C, 17-06 ; H, 5-51 ; N, 13-24 %
(l4) Other Preparative Studies
It has been reported that on adding concentrated
hydrochloric acid to a solution of chromium(ll) acetate
30or chloride , dark blue crystals separated. The 
crystals were thought to be a complex of chromium(II)
chloride and hydrochloric acid e-g. CrCl,(H 0) or in
^ J ^
general CrCl„ (HO) (Ho0) , in which x could be 1 or 2.° 2+x 2 y 3 x ’
The dark blue crystals were prepared, filtered off, 
washed with a small amount of concentrated hydrochloric 
acid and dried by pumping. After about three hours the 
crystals round the filter turned light blue. After four
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hours the filter was detached from the apparatus and 
the solid ground and shaken. The drying procedure was 
continued for five hours more. The crystals, which 
were light blue in colour, were ground and placed in 
tubes which were sealed off under vacuum.
Calculated for CrCl^. 211^0 : Cr, 32.70 ; Cl, 44.65 %
, Found : Cr, 33-32 ; Cl, 44.66 %
The analyses show that the compound is 
chromium(Il) chloride dihydrate, but the colour is 
consistent with chromium(II.) chloride trihydrate • 
Analyses are likely to be more reliable. However, the 
dark blue crystals formed in concentrated hydrochloric 
acid could consist of a complex of chromium(II) 
chloride and hydrochloric' acid, CrCl^(H^O)^, which 
loses hydrogen chloride during pumping, or of CrCl^.^H^O, 
which separates because of the common-ion effect and 
loses water during pumping.
Many attempts were made to prepare the compound 
(Me^lO^CrCl^. For example, an excess of tetramethyl­
ammonium chloride was used in ethanol or glacial 
acetic acid, but in each case (Me^N)CrCl^ was obtained.
Attempts to prepare crystalline pyridinium 
tetrachlorochromate(II) directly from glacial acetic 
acid or a mixture of glacial acetic acid and acetyl 
chloride also failed. The compound obtained was 
pyridinium trichlorochromate(II)• Acetyl chloride was 
added to solid (PyH^CrCl^CH^O)^ in order to react it 
with the water molecules and leave the anhydrous compound,
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but analyses of the.light blue product were not 
satisfactory.
No complex chlorides with the tetra-ethy1ammonium
46ion as the cation were obtained although Scaife has 
briefly reported the existence of (Et^Nj^CrX^. 
Unsuccessful attempts were made to crystallize pure 
products from ethanol or aqueous solutions in the 
presence of hydrochloric acid. The addition of ethanolic 
tetra-ethylammonium chloride to an ethanolic solution 
of chromium(Il3 chloride tetrahydrate produced little 
change in colour. After concentration under vacuum, 
addition of ethyl acetate gave light blue crystals, but
analyses for chromium and chlorine did not agree with
* •
the formation of either a 2 : 1 or 1 : 1 compound.
The same method was used unsuccessfully in an 
attempt to prepare a complex with tetraphenylarsonium 
chloride. Addition of ethyl acetate to an ethanolic 
solution of tetraphenylarsonium and chromium(II) 
chlorides precipitated light blue crystals which 
turned pink on exposure to air. The analysis for 
chromium and chlorine suggested that the compound was 
[ )^As] CrCl^ (H^O) £, but the micro-analysis was not
satisfactory. However, in the light of the later, 
successful preparation of several compounds from glacial 
acetic acid, it seems probable that complexes containing 
these large cations could be prepared from glacial acetic 
acid solutions.
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(13) Preparation of Copper(II) Compounds
The copper(II) compounds were prepared from 
ethanolic or aqueous solutions of the constituent 
chlorides as reported in literature. The results 
of analyses are given below:
*
'Compound
(NH4 )2Cu C14 (H20)2
(99)
Rb2CuCl4 (H2 0 ) 2
(99) 
(MeNH.)2CuCl4 
(104)
(Me2NH2 )2Cucl4
(ill)
(Me2NiyCuCl3
(110,111)
(EtNH3 )2CuClit
(104)
(enH2 )CuCl^
(1 0 6 .1 0 9 ) 
(dienH0)CuCl
j 3
(105.1 0 6 .109) 
(trienH^)CuClg 
(106.109)
Calculated 
%  Cu %_ Cl
2 3 . 0 6  51.17
15.4l 34.39
23.59 52.65
21.37 47.69
29.43 49.26
2 1 . 5 0  
23.80 
18.33 
15-01
Found 
% Cu . %  Cl
2 2 . 8 0  5 0 . 9 1
15.37 34.17
23.48 52.23
2 1 . 3 2  47.57
29.23 48.95
2 1 . 2 8
23.67
1 8 . 2 1
14.93
* References underneath formulae of compounds
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Results and Discussion 
Magnetism
Magnetically dilute high— spin octahedral
chromium(II) is expected to have an effective magnetic
moment slightly below the spin-only value of 4.90 B.M. ,
which is invariant with temperature. The reduction of
the moment below 4.90 B.M. arises because of the mixing
5in by spin-orbit coupling of the term with the
5non-m a g n e t i c E  ground term. The magnitude of this
S
effect is given by the formula:
LI = li ( 1 - 2X/A ) e ^s.o.
where Li = the effective moment, e -
jl = the spin-only moment,s. o.
X = the spin-orbit coupling constant,
A = the ligand field -parameter.
' . _ i '
Substitution of reasonable values (A = 10,000cm ,
— 1
X  = +5 0 cm ) into the formula gives a moment of
\l = 0.99((l ) = 4.85 B.M. The temperature independent
6 S  • O •
—6 112 paramagnetism of approximately 100 x 10 e.g.s. units
would increase the moment to about 4.88 B.M., while
traces of oxidation would reduce the magnetic moment
very slightly.
The magnetic results are shown in Tables 3»1 - 3»7
and Figures 3*1 - 3-7- The hydrated compounds, that is
CSgCrCl^(H20)2 and (PyH)2CrCl^(H^O)^, obey; the Curie law
over the temperature range investigated. Their
temperature-independent magnetic moments are slightly
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Magnetic Results of Chromium(II) Complex Chlorides
TABLE 3.1
Compound T (°K) 1q 6Xa 10"2XA_1 p. (B.e
Cs2CrCl4 (H20)* 294.8 9,8l6 I. 0 1 9 4 . 8 3
262.4 11,212 0 . 8 9 2 4 . 8 7
229.9 12,712 0.877 4.86
1 9 8 . 0 14,959 0 . 6 6 8 4.88
l6 6 . 1 17,850 0 . 5 6 0 4.88
135-5 22,031 0.454 4.90
103.3 28,744 0.348 4.89
6 = 0
89.3 33,394 0.299 4.90
(diamagnetic correction ■=. - 1 9 0  x 10 - 6 c.g.s. units)
Cs2CrCl4 295-0 1 3 , 2 0 6 0.754 5.59
262.4 15,798 0 . 6 3 2 5.76
2 2 8 . 2 19,728 O . 5 0 6 6 . 0 0
1 9 8 . 2 24,878 o.4oi 6 . 2 8
1 6 6 . 3 35,047 0 . 2 8 5 6 . 8 2
135-6 54,797 0 • CO to 7.71
103.4 112,007 0 . 0 8 9 9 . 6 2
6 = -8 6 °
89.5 1 8 0 , 2 8 3 0 . 0 5 5 11.35
(diamagnetic correction = -l64 x 10 6 c • g . s . units)
* Prepared by rehydration of Cs2CrCl4
TABLE 3.2
Compound T (°K) 1o 6Xa 10’2X a
_1 11 (B.M
(PyH)2CrCl;i(H2 0 ) 2 294.6 9 , 2 5 0 1 . 0 8 1 4.67
262.4 1 0 , 5 9 8 0 . 9 4 3 4.71
230.3 1 2 , 0 7 3 0 . 8 2 8 4.71
198.3 14,019 0 . 7 1 3 4.71
1 6 7 . 0 1 6 ,417 • 0 . 6 0 9 4.68
135-8 20,391 0 . 4 9 0 4.68
1 0 3 . 8 2 6 , 1 1 0 0 . 3 8 2 4.65
6 = 0
89.9 29,917 0.334 ' 4.64
(diamagnetic correction = -217 x 10
-6 e.g.s. units)
(PyH)2CrCl4 295-0 7 , 7 8 5 1.284 4.28
262.5 8 , 3 1 3 1 . 2 0 2 4.l8
230.5 9 , 1 9 5 1.087 4. 11
198.4 1 0 , 1 9 8 O.9 8O 4.02
1 6 6. 2 1 1 , 5 6 8 0.864 3.92
135.2 1 3 , 3 4 4 0.749 3 . 8 0
■ IO3 . 2 1 5 , 9 8 8 0 . 6 2 5 3.63
e = 77°
89.4 1 7 , 3 9 8 0 . 5 7 4 3.54
(diamagnetic correction = -191 x 10
6 c.g.s. units)
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TABLE
Compound T (°K)
(EtNH3 )2CrCl4 295-3
262.5 
230.0
198.4 
l66. 1 
135-3 
103-5
89-5
0 = — 73°
(diamagnetic correction =
(enH2)CrClZt 295-0
262.4
230.0 
198. 1 
l66. 2 
135-3 
103-1
89.4
e = -64°
(diamagnetic correction = -
3.3
io6xa i0"2Xa_1 1 (B. e '
15,640 0 . 6 3 9 6 . 0 8
1 8 , 5 0 8 o .54o 6.23
2 2 , 6 1 1 0.442 6.45
2 8 , 3 7 8 O . 3 5 2 6.71
37,907 0 . 2 6 3 7 . 1 0
55,939 0 . 1 8 0 7.74
97,495 0 . 102 8 . 9 8
143,195 0 . 0 7 0 1 0 . 12
l6 8 x 10 - 6 c.g.s. units)
1 1 , 0 7 2 O . 9 0 8 5. 11
12,987 O.7 7O 5 . 2 2
15,647 0.639 5.36
19,504 0 . 5 1 2 5.56
25,755 0 . 3 8 8 5.85
37,419 0.267 6 . 3 6
64,923 0 . 154 • to
91,582 0 . 1 0 9 8 . 1 0
139 x 10
•6c.g.s. units)
TABLE 3.4
Compound T (°K) i°6Xa 10"2Xa' a (B. .re
(tri enH^)CrCl^ 295-3 1 2 , 0 2 8 0 . 8 3 1 5-33
262.5 13,884 0 . 7 2 0 ■.'5.40
2 3 0 . 1 16,485 0 . 6 0 6 5-51
1 9 8 . 3 2 0 ,0l4 0.499 5.63
166.3 2 5 , 6 3 8 0.390 5.84
135-5 3 4 , 9 6 0 0 . 2 8 6 6 . 1 6
1 0 3 . 4 55,488 0 .l8 0 6.77
89.5 75,467 0 . 1 3 2 7.35
0 = -52 .
(diamagnetic correction = -246 x 10 - 6 e.g.s. units)
(dienH_)CrCl_
5 . 5 -
295.2 12,155 6 . 8 2 2 5.36
262.5 14,135 0 . 7 0 7 5.45
230.3 16,935 0 . 5 9 0 5.58
2 0 0 . 1 21,007 0.467 5 . 8 0
166.4 27,992 0.357 6 . 10
135.2 40 , 2 6 6 0.248 6 . 6 0
103.4 68,546 0.145 7-53
0 = -63°
89.5 9 6 , 0 0 6 0 • HA O 8.29
(diamagnetic correction = -193 x 10
6 c. g . s. units)
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TABLE
Compound T (°K)
(MeNH3 )2CrCl4 295.4 .
262.5
230.0
198.3 
1 6 6 . 0  
135-3 
1 0 3 - 2
89.4
e = -74°
(diamagnetic correction =
(Me2NH2 )2CrCl4 2 8 7 . 0
262.5 
2 3 0 . 1
198.3
1 6 6 . 3
135.5
102.7
e = 84°
(diamagnetic correction =
iq6xa io' V 1 11 (B.ne
1 3 , 0 6 1 0 . 7 6 6 5.57
15,277 0 . 6 5 5 5 . 6 6
18,538 0.539 5.84
23,4i4 0.427 6 . 0 9
31,582 0.317 6.48
45,608 0 . 2 1 9  ' 7 . 0 2
80,750 0.124 8.14
117,603 0 . 0 8 5 9 . 1 6
-l44 x 1 0 -6 e.g.s. units)
8,421 1 . 1 8 7 4.39
8,945 1.117 4.33
9,955 1.004 4.28
1 1 , 1 5 0 O . 8 9 6 4.21
12,499 0 . 8 0 0 4.08
14,242 0 . 7 0 2 3.93
16,577 0.603 3.69
-l6 8 x 10 •6c.g.s. units)
- 8o -
TABLE 3.6
Compound T (°K)
(Me2NH2 )CrCl3 295-4
2 6 2 . 6  
230. 1
198.2 
' 166.4
135-1
1 0 3 - 0
89.0
(diamagnetic correction =
(Me^N)CrCl^ 294.9
2 6 2 . 6  
230. 1 
198.2
1 6 6 . 5  
135-9
103.7
89.5
(diamagnetic correction =
io' V 1 (B■e
6,124 1 . 6 3 2 3 - 8 0
6,499 1 . 5 3 8 3.69
6,932 1.442 3.57
7,384 1.354 3.42
7 , 8 0 5 1 . 2 8 1 3 . 2 2
8,153 1 . 2 2 6 2.97
8,400 1.190 2.63
8,486 1.178 2 . 46
- 1 0 7  x
-610 e.g.s. units)
6 , i49 1 . 6 2 6 3 . 8 1
6 ,6 2 1 1.510 3 . 7 3
7,163 1 . 3 9 6 3.63
7,715 1.296 3.50
8 , i4'5 1.227 3.29
8,411 1 . 1 8 9 3 - 0 2
8,524 1.173 2 . 6 6
8,503 1-176 2.47
- 1 3 5  x 10 ^c.g.s. units)
- 8i -
TABLE 3.7
Compound T (°K) io6^ 1 11 (B. e
(PyH)CrCl, 295.0 6 , 4 9 6 1.539 3 . 8 8
262.3 6 , 9 0 7 1 . 4 4 7 3.77
229.7 7 , 3 1 0 1 . 3 6 7 3.64
198. 1 7 , 7 2 9 1.293 3.50
l66. 2 8 , 4 0 6 1 . 1 8 9 3.34
153. 1 8 , 9 9 9 1 . 1 1 2
CM<r\
144.4 9 , 5 1 7 1 . 0 5 0 3 . 3 1
135.2 9 , 6 3 2 1 . 0 3 8 3 . 2 3
103.5 9 , 9 2 8 1 . 0 0 7 2.-86
89.5 9 , 8 7 5 1 . 0 1 2 2.66
(diamagnetic correction =
—6
-119 x 10 c. g . s. units)
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below the spin-only value of 4.90 B.M. as expected for 
four unpaired electrons- Thus they are magnetically 
normal, high-spin chromium(II) compounds.
The 1 : 1 compounds i.e. tetramethylammonium,
dim ethyl ammonium and pyridiniuni trichlor ochromat es (II) 
as well as pyridinium and dimethylammonium tetrachloro- 
chromates(II) have room temperature magnetic moments 
well below the spin-only value, which decrease markedly 
as the temperature is lowered. The low moments and 
their temperature dependence can be attributed to 
antiferromagnetic interactions, probably arising from 
chloride-bridged structures. Polymeric structures are 
confirmed by the reflectance spectra (section on 
reflectance spectra) which are typical of tetragonal 
chromium(II). Pyridinium and dimethylammonium tetra- 
chlorochromates(II) obey the Curie-Weiss law with 0 
values of 77° and 84° respectively. Th*e graphs of the 
reciprocal of the atomic susceptibility versus 
temperature for tetramethylammonium, dimethylammonium 
and pyridinium trichlorochromates(II) are non-linear.
Thus the Curie-Weiss law is not obeyed by these compounds 
over the temperature range investigated, and therefore 
no Curie-Weiss constant can be obtained. Pyridinium 
trichlorochromate(II) also shows a turning point around 
l45°K, which has not been observed for other chromium(ll) 
compounds. The reason for this strange magnetic 
behaviour is not certain, but it could be due to traces of 
the 2 : 1 compound although the analysis did not show this,
- 90 -
and besides repreparation gave a sample with the same
general behaviour.
For binuclear compounds composed of metal ions
with a ground state which is effectively an S state
(i.e. the ground states are A or E and have no first
*7 6 c
order orbital contribution) it has been shown that 
the atomic susceptibility, x^, can be obtained from the 
equation(3 •l):
g2N 0 2 IS'(S' + l)(2S' + 1)exp(-E., ,/kT)
X , =  ----------—  ---------  :-------------       +  N a
6kT Z(2SV + l)exp(-Ei £o y/k'i>)
(3.1)
where g = spectroscopic splitting factor, the ratio of 
magnetic moment to angular momentum
23 — 1N = Avogadro*s number = 6.023 x 10 mole
-20 — Ij3 = Bohr magneton = 0.9270 x 10 erg gauss
T = absolute temperature
-l6k = Boltzmann’s constant = I.38O x 10 erg degree
— 1 — 1= 0.6950cm degree
S* = total spin quantum number for the molecule and 
can have the values 0, 1, 2....2S, where S is the total
spin quantum number for the paramagnetic atom
^i(o) = enerSy of the level specified by S ’ and
can have the values 0, 2J, 6J ......[2S(2S + l)]J
corresponding to S * = 0 , 1 ,  2....2S
Na = a temperature-independent contribution to the 
susceptibility, composed of the temperature-independent 
paramagnetism and the underlying diamagnetism of the
- 9 1  -
metal atom
J  =  the exchange integral which is equal to half
the triplet -r singlet separation in this case.
Octahedral chromium(II) whose ground state is the
5 5non-magnetic doublet of the D term falls into this
class. Na is much smaller than and can therefore be 
neglected and thus equation (3 •l) reduces, for four 
unpaired electrons, to:
3K [ 30 + i4X8 + 5X1 t^ + X l 8  ]
X A  =   :--------- g ----------------T T T - -------- g"~ ----------------- n o —  ( 3 - 2 )
A T [ 9 + 7X + 5X14 + 3X + X 20 ]
where X = exp(J/kT)
K = Ng2 p2/3k = 0.125lg2
= f U ~
V 0.1251
S ./---—  (3.3)
1 “ 1 1 If J is measured in cm and . k = 0.6950cm degree ,
J/kT will remain dimensionless. For convenience J is
often given in "degrees” by incorporating k in it and
therefore 1 degree = 0.6950cm
At a certain temperature and for a certain value
113
of X^, a J value is guessed • By using exponential 
tables and substitution in equation (3*2) K and finally 
g are calculated. If g is close to 2 the value of 
is calculated at another temperature and compared with 
the experimental value. Checks are also made at 
several other temperatures. If the g value is not close 
to 2 or if the experimental and calculated values of
- 92 -
do not agree within a few percent, a different J value 
is chosen and the process repeated.
pyridinium and dimethylammonium salts) as well as 
ethylenediammonium tetrachloro-, diethylenetriammonium 
pentachloro- and triethylenetetrammonium hexachloro- 
chromates(II) exhibit ferromagnetism. The effective 
magnetic moments are noticeably greater than the 
spin-only value of 4.90 B.M. at room temperature and 
increase considerably with decreasing temperature.
This unusual ferromagnetic behaviour must be attributed 
to the nature of the compounds, and not to the accidental 
presence of ferromagnetic impurities. At the beginning 
of this work some experiments were carried out to 
confirm that impurities could not have produced the 
ferromagnetic behaviour. The paramagnetic compound,
The g and J values of (Me^N)CrCl^, (Me^NH^)CrCl^
and (PyH^CrCl^ were obtained from data given by
113Earnshaw, Figgis and Lewis , for linear chains of up
to ten interacting spins. The magnetic behaviour of
(Me#N)Cr.Cl_ and (Me0NH )CrCl ' can be attributed by
inserting g = 2.00, J .= -19-0cm * and g = 2.00,
“ 1J = -19.6cm respectively in the expression given for 
an antiferromagnetic compound in a binuclear (S = 2 )
system. For the pyridinium compound, (PyH)^CrCl^, the
— 1values of g = 2.00 and J = -8.3cm were obtained from 
data given for a system which is composed of ten
linear magnetic centres.
The anhydrous 2 - 1  compounds (except the
93 -
Cs0CrCl»(Ho0) , was prepared and dehydrated thermally,TC cL gL
29as before , to give ferromagnetic Cs^CrCl^. The 
magnetic moments of these samples were within 
experimental error of the values found previously.
The compound, Cs^CrCl^CH^O)^ was reformed from the 
ferromagnetic compound, Cs^CrCl^, by reacting the 
latter with water, and the di-hydrate obtained was 
magnetically normal. Thus, destroying the polymeric 
lattice removed the ferromagnetism. The procedures are 
shown below, schematically:
CrCl2.4H20 + 2CsCl jft*ss apPy. C s ^ r C l ^ ( H20 )2 
(aq. ) (aq.) ^2 (paramagnetic)
+ 2 H  0
- 2 H 2 °
heat
CrClg. 4H20 + excess CsCl acCl ^ acOH^. Cs2 CrCl^
(ferromagnetic)
The compound, GsgCrCl^ was also crystallized directly 
from a solution of the constituents in a mixture of 
acetyl chloride and glacial acetic acid. This sample 
was also ferromagnetic. As the preparations were 
carried out in all-glass apparatus there was no 
opportunity for any ferromagnetic impurity to enter the 
system. Also, the field-independence of the magnetic 
susceptibility, is a further confirmation for the
absence of ferromagnetic impurities.
All the ferromagnetic compounds prepared in this 
work obey the Curie-Weiss law over the temperature 
range studied except for some curvature at low
temperatures, in some cases. The 0 values, which are
given in Tables 3.1 - 3*7, range from -32° to -8 6 ° and
these were obtained by least squares extrapolation of
the upper linear portion.
The caesium tetrachlorochromate(II) has been
97shown by X-ray powder photography studies and from
29optical absorption spectra to be tetragonal unlike
the analogous copper(II) compound which is reported to
be t e t r a h e d r a l .  Similar electronic spectra have been
found for the” M^CrCl^ compounds, where M = Rb, K or NH^.
Attempts to fit the magnetic results of the ferromagnetic
compounds to the binuclear expression by using positive
J values have been unsuccessful. Thus, these compounds
29were considered to be polymeric , containing distorted
octahedral chromium(II) ions with bridging chlorine
atoms. The same is true of the compounds prepared in
the present work. In addition, furthe’r structural
information has been obtained since the new compound,
diethylenetriammonium pentachlorochromate(II), is
isomorphous with the analogous copper(II) compound
(Table 3*16). The copper(ll) compound is considered to
contain discrete square planar tetrachlorocuprate(II)
units within which the Cu - Cl distances are approximately
2.27 A° with an equal number of free chloride ions and
2 —cations. However, a chloride of one [CuCl^] unit is 
positioned 2.88 A° from the copper(II) ion of an 
adjacent unit through an angle of l80°, giving two- 
dimensional arrays in which the copper ions are
- 95
tetragonally-coordinated (Figure 3-25). The corresponding
chromium(ll) compound, therefore, probably consists of 
o_
[CrCl^] units which form long bonded Cr - Cl bridges 
with neighbouring units to give a distorted octahedral 
configuration to the chromium(II) ions. The 
triethylenetetrammonium hexachlorochromate(II),
2—  ■(trienH^)CrClg, appears to be composed of [CrCl^]. 
units and free chloride ions, because, in this case 
too, a chloride-bridged structure is necessary to 
explain the ferromagnetic behaviour. In general, the 
ferromagnetic behaviour in these compounds is probably 
due to superexchange across the chloride-bridges with 
electron spins parallel i.e. along the tetragonal axis* 
Ferromagnetic alignment of electron spins is 
said to produce^^ susceptibilities up to lO^c.g.s. 
units in excess of those for a normal paramagnetic 
material. This has been found with these compounds.
All susceptibilities are independent of the magnetic 
field strength over the temperature range 80 - 300°K. 
Ferromagnetic compounds usually show field-dependence, 
but only below their Curie temperatures, and these are 
at lower temperatures than attainable with liquid 
nitrogen. However, magnetization measurements over 
the range 4.2 - 80°K have confirmed that the
114susceptibility of K^CrCl^ becomes field-dependent 
below 65°K.
As discussed in Chapter 1, concerning the effect 
of counter-ions, the magnetic behaviour of halide
- 96 -
complexes can be affected by using different counter­
ions. The effect can be seen here by comparisons of the 
antiferromagnetic behaviour of (Me^NH^)^rCl^ and 
(PyH^CrCl^ with the ferromagnetic behaviour of 
(MeNH^')gCrCl^ and Cs^CrCl^. Presumably because of lack
of data little is known of magnetic interactions in
115chromium(ll) compounds. Ginsberg has described the 
many pathways which permit parallel(ferromagnetic inter­
action) or antiparallel(antiferromagnetic interaction)
o ^
coupling in l8 0 high-spin d systems for the situation
2 -
where two planar CrX^ units share a corner. He 
concluded that the net result is likely to be anti­
ferromagnetic coupling. However, if coupling occurs 
via the tetragonal axis the longer metal - chloride 
distance could lead to a diminishing of the anti­
ferromagnetic interactions compared with the ferro­
magnetic interaction. In the case of 2 : 1 compounds
with antiferromagnetic behaviour, it is possible that 
the presence of pyridinium or dimethylammonium cations 
reduces the Cr - C l  - Cr angle and/or the tetragonal 
distortion and favours the antiferromagnetic interaction.
The angle must be important' since 1 : 1 compounds, for
ll6example CsCrCl^, have structures in which the
Cr - Cl - Cr bridge angles are much nearer to 90° than
l8 0 °, and their antiferromagnetic behaviour agrees with
115
the predictxons .
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Reflectance Spectra
Chromium(II), with the high-spin configuration
3 1(t^ e ), gives rise under Russel1 -Saunders coupling 
" g g 
5to a D free ion ground term. This is split in a
5regular octahedral field into a doublet E term and
g
5
upper triplet T level. Thus, only one spin-allowed
5 5
d - d transition, E ------- T , is expected in the
g ^g
visible spectra of high-spin chromium(II) compounds.
In practice either one very broad highly 
asymmetrical band or two bands of which the higher 
frequency band is also asymmetrical, are observed for 
hexa-coordinated chromium(ll) compounds, including 
those with six identical ligands. For some compounds 
three bands are resolved at liquid nitrogen temperatures. 
A distorted octahedral structure must be assumed to 
account for these observations as explained below.
Crystal field theory predicts lprge distortions
4 7from octahedral symmetry for high-spm d , low-spin d
9and d complexes because of the unequal numbers of
electrons in the d o  o and d o orbitals. Thex - y^ 'Zi
resulting Jahn-Teller distortion leads to a splitting
5 5of the E and T_ terms as shown in Figure 3.8. g 2g 6
Thus for tetragonally-distorted chromium(ll) compounds
three visible and near infra-red absorption bands are
5 5expected, corresponding to the transitions, ®lg ^ ^ 1g 1
---- >.^Bn and .  ^-^E . The ^E ground term
lg 2g lg g g
in tetragonal symmetry is expected to show a relatively
5 117larger splitting than the T_ term. Bersuker ,2g
Figure 3*8
5
Splitting of the D spectroscopic term under 
(a) cubic field, (b) and (c) weak and strong
tetragonal fields respectively.
■-■.99.-.
E/B
60
2g
2g4o
30
20
10
Dq/B
Figure 3*9
The Tanabe-Sugano Energy Level Diagram for the Octahedral
d System
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n 8Liehr and Ballhausen have calculated that the
5 5
separation of the E and B terms in tetragonal
S
_1
symmetry will be of the order of 2 ,0 0 0 cm , while the
5 5B.^  and A will be separated by approximately 
— *1
6,500cm The main band observed in chromium(II)
compounds is usually of sufficient breadth to contain
_  1
two or three bands separated by about 2 ,0 0 0 cm i.e. to
5 5
contain superimposed transitions to the ® 2 g ® g '■
5 5terms. The lower frequency transition ( ^lg
is also called the distortion band.
A
The distortion of d high-spin complexes from
octahedral symmetry has been shown by crystallographic 
119 12 2studies • It was found that the anhydrous halides
of chromium(ll) all have an essentially tetragonally
elongated octahedral arrangement of halide ions about
the chromium(ll) ion. It has been reported that the
compound Cr F has both chromium(II) and chromium(III)
ions in octahedral environments, but the octahedra
about the chromium(ll) ions are distorted with four
123short and two long bonds . On the contrary, the
compound KCrF^ contains four long and two short Cr - F
. , 123bonds .
The reflectance spectra of all these compounds 
(Table 3 * 8  and Figures 3-10 - 3-lS) resemble those 
found for known tetragonally distorted chromium(ll)
-1compounds. The strong band at approximately 1 3 ,0 0 0 cm 
in the spectra of the pyridinium and caesium tetra- 
chlorodiaquochromates(ll) and around 1 1 ,0 0 0 cm '” 1 for
- 101 -
TABLE 3.8 
Reflectance Spectral Results
Compound
_ 1
Frequency of maxima (cm ) 
R.T. L.N.T.
Cs CrCl,(H 0)_ 23,000 vw b 23,000 vw b
^ T ^
1 3 , 0 0 0  s vb 13,100 s vb
(PyH)2 CrCl^(H2 0 ) 2 1 9 , 0 0 0  vw sf 1 9 , 0 5 0  vw sf
1 3 , 3 0 0  s b 1 3 , 6 0 0  s
1 0 . 8 5 0  m sh 1 1 , 1 0 0  m
Cs2 CrCl^ 24,100 vw
1 8 , 5 5 0  v sp sf 1 8 , 5 5 0  v sp sf
15.700 V  sp sf 15,700 v sp sf
1 0 . 8 5 0  s 1 1 , 0 0 0  s
9 , 6 0 0  w sh
8 , 0 0 0  m sh
(EtNH^ )2 CrClZt 25,400 m b
20,400 v w  sh sf 2 0 , 6 0 0  vw sf
18 . 8 0 0  w sh sf l8 , 8 0 0  w sf
1 8 . 6 0 0  v sp sf 1 8 , 6 5 0  v sp sf
1 7 . 6 0 0  vw sf 1 7 , 6 0 0  vw sf
1 5 . 8 0 0  v sp sf 1 5 , 8 0 0  v sp sf
1 1 , 2 5 0  s vb 1 1 , 5 5 0  s
9 . 7 0 0  vw sh 9 , 9 0 0  m
8 , 3 0 0  w sh
- 102 -
Compound
(enH2 )CrCl^
(dienH )CrCl
3 5
(trienH^)CrClg
TABLE 3-8 (continued)
Frequency 
R.T.
20,650 w sh sf 
18,550 v sp sf
17.350 w sf
15.700 v sp sf
11.350 vs vb
8.000 vw sh
7.000 w sh
20,500 vw sh sf 
18,520 v sp sf
17.350 w sf
15.700 v sp sf 
11,200 s vb
8.000 sh
22.400 vw sh
18.700 w sh sf 
18,550 v sp sf
17.400 vw sh 
15,780 v sp sf 
11,300 s vb
_ ^
of maxima (cm ) 
L.N.T.
2 0 . 7 0 0  w sf
1 8 , 6 0 0  v sp sf
17.500 w sf
15.700 v sp sf
1 1 . 5 0 0  s b
8,400 m
7 .0 0 0 w sh
24,300 m sh
2 0 . 7 0 0  vw sf
18 . 5 5 0 v sp sf
1 7 . 5 0 0  w sf
15.7 0 0 v sp sf
1 1 . 5 0 0  s b
8.000 m
2 3 , 0 0 0  w
18 . 7 0 0 w sh sf
18 . 5 5 0 v sp sf 
17,450 vw sf 
15,780 v sp sf 
1 1 , 3 5 0  s vb
9 , 9 0 0  w sh 
8 ,5 0 0 w sh
Compound
(Me2NH2 )CrCl
(Me^N)CrCl
(PyH)CrCl
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TABLE 3.8 (continued)
Frequency of maxima (cm )
L.N.T.R.T.
22,850 w
21.200 m sh
18.700 m sf
17.600 m sf
16.900 sh sf
15.900 m sf 
10,980 s vb
7,700 m sh
22.600 w
21,000 m
18.700 vr sf
17.600 VT sf 
16,950 w sh sf
16,050 m sf
10,300 s vb
7,500 m sh
18,500 vr sf 
17,400 w sf
16,850 w sh sf
15,700 m sf 
10,750 s vb
7.200 vr sh
2 2 , 8 5 0  w
2 1 . 2 0 0  m sh
1 8 . 7 0 0  m sf 
1 7,6 5 O m sf 
l6 , 9 0 0  sh sf 
15,950 m sf 
1 1 , 2 5 0  s b
7 , 5 0 0  m 
2 2 . 7 0 0  w
2 1 . 2 0 0  m 
18,750 w sf
1 7 . 6 0 0  w sf 
• 17,100 w sh
16 .0 0 0 m sf
1 1 .0 0 0 s vb
7,400 m sh
2 0 , 8 0 0  vr sh
18.600 w sf
1 7 , 5 0 0  w sf
16,850 w sh sf
1 5 . 7 0 0  m sf
1 1 .2 0 0 s vb 
7 , 6 0 0 vr sh
Compound
(PyH)2CfCl
(MeNH3)2CrCl4
(Me2NH2)2CrCl
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TABLE 3*8 (continued)
~ 1Frequency of maxima (cm )
R.T. L.N.T •
1 8 , 5 0 0 w sh 1 8 , 6 0 0 TV sh
17,550 w sf 17,450 w sf
15,700 w sf 1 5 , 8 0 0 w sf
1 1 , 0 5 0 s vb 1 1 , 3 0 0 s vb
2 5 , 5 0 0 m sh
2 0 , 5 0 0 w sh sf 2 0 , 7 0 0 w sf
1 8 , 6 5 0 V sp sf 1 8 , 7 2 0 V sp sf
17,550 w sf 1 7 , 6 0 0 w sf
1 5 , 8 2 0 V sp sf 15,900 V sp sf
1 1 , 1 5 0 s vb 1 1 , 5 0 0 s
1 0 , 1 0 0 sh
8 , 7 0 0 m sh
2 2 , 6 0 0 w 2 2 , 6 5 0 w
2 0 , 6 0 0 w --- 2 0 , 6 5 0 w
1 8 , 5 0 0 w sf 1 8 , 5 0 0 w sf
-0 0 0 w sf 17,550 w sf
1 7 , 0 0 0 w sh sf 17,100 w sh sf
15,750 m sf 1 5 , 8 0 0 m sf
1 0 , 5 0 0 s vb 1 0 , 8 0 0 s
8 , 0 0 0 m
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the anhydrous compounds is of sufficient breadth to
■' - 1 contain two bands separated by about 2,000cm , and it
5 5
is assigned to the superimposition of the ^ ^2g
5 5and B^   > E transitions. A lower frequency hand
lg g
-1 .
or shoulder found in the range 7,000 - 11,000cm is
assigned to the ^ B - ---- >^A . transition (the distortion
lg lg
band). Three bands were clearly resolved at liquid
nitrogen temperature in the spectrum of ethylammonium
tetrachlorochromate(II), but only poorly with
(dienH^ )CrCl,_ and (trienH^ )CrClg. Only one broad band
appeared in the spectrum of (PyHj^CrCl^ even at liquid
nitrogen temperature.
The spectra of the dimethylammonium and tetra-
methylammonium trichlorochromates(II) are quite
similar to each other and to the spectrum of caesium
29trichiorochromate(II) , except that the low frequency
band in (Me^N)CrCl^ is not well resolved. It has been
124shown by structural analysis that there is no static 
evidence of Jahn-Teller distortion in CsCrCl^ as
125observed in the corresponding copper(II) compounds
The two compounds are not isostructural as Gut and 
126Gruen had reported previously • The main broad
- 1band at about 11,500cm in CsCrCl^ has been ‘
ll6attributed to the spin-allowed d - d transition
5 5 > -1VE — ■■■■ > T and the low frequency band at 6,500cm ,
g ^g
which is rather broad, has been assigned to the spin-
forbidden transition ---—>^T (^H). Most spin-
g lg
forbidden bands arise from transitions to higher
- 1 1 5  -
states, the energies of which do not vary with A ,
127'and correspond to the pairing of tg electrons .
3  3
These are usually sharp. The energy of the ^
term varies with A , so that transitions to it could 
give rise to a broad band.
1 16On the other hand Li and Stucky have found, 
by X-ray crystal structure and optical studies,, that 
CsCrBr^ is isomorphous with CsCrCl^. They have also
assigned the low frequency band in the spectrum of
• - 1
CsCrBr^, at 5,900cm , to the same spin-forbidden
transition. From the Tanabe-Sugano energy level
diagram(Figure 3-9) it is anticipated that on increasing
the A value, the spin-forbidden band due to the
c o o
 -> T ( H) transition will move to lower
g lg
frequency, while with these two compounds the opposite
— 1is true: CsCrCl^ absorbs at a frequency 600cm higher
-- - • l
than CsCrBry. However, the difference in frequency
can best be explained by assuming that these bands
5 5are due to the B^ --- -> A. transition with larger
lg lg
distortion in the chloride.
Pyridinium trichloro- and tetrachlorochromate(II) 
exhibit only one broad band at room temperature which 
remains unresolved even at liquid nitrogen temperature. 
Assuming tetragonal distortion in these compounds the 
band can be attributed to the superimposition of three 
transitions.
In addition to the spin-allowed d - d transition 
bands observed, all compounds give several other bands
- 116 -
at higher frequencies which are assigned to spin- 
forbidden transitions. The anhydrous ferromagnetic
compounds show two very intense spin-forbidden bands
— 1 ' —iaround 1 5 ,5 0 0 cm and l8 ,5 0 0 cm , together with several
weaker bands. The hydrated compounds, which are
magnetically normal, give very weak spin-forbidden
bands in these regions. The spin-forbidden bands in
the anti-ferromagnetic anhydrous compounds are more
intense than those in the normally paramagnetic hydrated
compounds but are still much weaker than those for the
ferromagnetic compounds. Intense spin-forbidden bands
1 28have also been observed in chromium(II) double fluorides
29
and other ferromagnetic chlorides . The Tanabe-Sugano
energy level diagram(Figure 3*9) shows that many spin-
4
forbidden transitions are possible in the d spectra, 
and therefore the assignments of the excited states
»
responsible for the two intense spin-forbidden bands
in ferromagnetic compounds are difficult.
The existence of two very intense spin-forbidden
1 14
bands has been confirmed for K^CrCl^ by other workers
who assigned the two bands to the transitions
(^H) and (^G) in cubic symmetry,
g g g lg
If it is assumed that tetragonal elongation is present,
5 5so that the B component of the E ground state lies 
1 g g
lowest, the assignments become B    >  B of E ( H)
lg lg g
and 5B. ---------- (3F).
Il4It has also been found that the two very 
sharp spin-forbidden bands in K^CrCl^ all but disappear
- 1 1 7  -
at very low temperature(4.2°K) and very narrow lines
remain. As the temperature is raised to about 23°K
all the narrow lines increase in intensity and further
lines appear. At liquid nitrogen temperature all the
lines are coalesced into the two band envelopes seen
at room temperature. However, since the reflectance
spectrum of K^CrCl^ resembles the spectra of the
ferromagnetic compounds prepared in this work the same
assignments can be made for the two very sharp spin-
forbidden bands exhibited by these compounds•
The solution spectrum of the compound,
(EtNH^^CrCl^, in ethanol did not show any spin-forbidden
bands, although there was one broad and asymmetrical
- 1band at 12,100cm • This indicates that the polymeric
chloride-bridged structures have been broken down in 
the solution. The compound, (dienH )CrCl_, is almost 
insoluble in ethanol so that its solution spectrum • 
gave no significant absorption.
Infra-Red and Far Infra-Red Spectra
Very few metal-ligand stretching vibrations have 
been reported for chromium(ll) compounds. The polymeric
chloride-bridged complex, CrCl .2Py, has been investigated
-1 129to 200cm by Clark and Williams . They assigned the
—  1 —  1 
bands at 328cm and 303cm to v(Cr-Cl) and the band
—  1at 219cm to v(Cr-N) stretching vibrations. However,
. 1 30
these assignments seem incorrect as Tabatabai has 
found halogen-sensitive bands in the spectrum of
118 -
Cr(py)o01 at 322cm and 215cm , assigned to v(Cr-Cl),
_ 1 _ i
and at 272cm and 200cm in Cr(py)2Br2 , assigned to
_ i
v(Cr-Br). A broad band at 28lcm in the chloride
_ i
and a shoulder at 280cm in the bromide are assigned 
to v(Cr-N).
30'" "■Khamar investigated a series of polymeric 
halogen-bridged chromium(II) complexes of the type 
Cr(halo-py) (where X = Cl, Br or I) and assigned
—  1
the halogen-sensitive bands in the regions 310 - 326cm 
to v(Cr-Cl) and 252 - 286cm * to v (Cr-Br). He also 
assigned the range between 2 3 8 and 272cm to v(Cr-l) 
in the Cr(halo-py)gig complexes. This seems rather 
high, especially since v (Cr-I) for three monomeric
complexes, Cr ( 3-chloropy) ^   ^2'1'21  ^3“kromoP y ) 2^ 2*^ 2^2
and Cr ( 3 , 5-dichloropy ^ I ^  were Within the range
— 1 — 1 l80 - 190cm . For v(Cr-N) the range 25^ - 27^cm was
found.
There is little data available for comparison of
terminal v (M-X) with bridging v (M-X) frequencies, but
the latter are usually assumed to be at lower 
131frequencies . The spectrum of CrCl^ has been found to
—  ^
contain a broad band at 3l6cm which is thought to be
131associated with a bridging v (Cr-Cl) vibration . • This
has been compared with the band maxima reported for the
3 — "binuclear Cr2Cl^ (322 m, 3^1 vs). The lower frequency
band was interpreted as arising from the bridging
v(Cr-Cl) vibration. On the contrary, it has been 
13 3found JJ that, generally v(M-X) terminal is within the 
same region as v(M-X) bridging. Therefore the monomeric
- 119 -
chromium(ll) complexes would be expected to have v (Cr-X)
30
stretching vibrations within the ranges found by Khamar
for polymeric bis(halo-py)chromium(II) halides.
57Adams and Lock have investigated the far 
infra-red spectra of some halocuprate(I I ) complexes of 
the type [CuX^]2-, [CUgXg]2-, CsCuX and M ^ u C l ^ ( H g O ) 
(where M = Rb, or K and X = Cl or Br). They found
v(Cu-Cl) and v(Cu-Br) in these compounds to be in the
A _ A
range 322 - 368cm and l68 - 278cm respectively.
The complexes such as CuX^L^ (where L = NH^ or H^O)
and (RNH_) CuX. were considered to be strongly 
3 2 .
tetragonally distorted with the two halide ions on 
the elongated axis. Therefore it was concluded that 
the Cu - X bonds were too long to give rise to v(Cu-X) 
within the normal region. The compound (RNH^^CuCl^ 
gave v(Cu-Cl) bands at 284cm * and 279cm * for R = Et 
and Me respectively. The halogen sensitive bands
— 1
seen below l80cm have been considered to be "localised 
lattice modes”.
16
Richardson has measured the far infra-red spectra
of a series of monomeric urea and picoline complexes
and polymeric.thiourea complexes of chromium(II) halide.
- 1He assigned the medium band found between 300 and 330cm 
(for CrCl^^urea, CrCl^. 4meurea and CrCl^. 4f3-pic) to 
v(Cr-Cl), due to the presence of the "short" Cr - Cl 
bands in the xy-plane. This band was absent in the 
analogous bromide complexes. He assigned the same range 
for v(Cr-Cl) in thiourea complexes. However the analogous
120 -
bromide complexes of thiourea which would be expected to
__ i
have v(Cr-Br) within the range 240 - 290cm have shown
no halogen-sensitive bands in this region. It was
thought that the bands were beneath the strong bands
— ^ — 1
present in all the complexes between 2 0 0 cm and 240cm .
This, however, would place the v (Cr-Br) assignment at
unusually low frequencies.. The halogen-sensitive
-  \
bands observed below 2 0 0 cm have been assigned to
"localised lattice modes”.
The compounds CrX^.^y-pic (X = Cl, Br or I )
- 1
have shown no halogen-sensitive band above 2 0 0 cm ,
l6suggesting that they contain long Cr - X bonds only
- 1Halogen-sensitive bands below 200cm have been observed
— 1 - 1for the chloride (1 3 6cm and 1 2 2cm ) but none have
been found for the bromide and iodide complexes.
l6However, Richardson has found some difficulty in the
interpretation and assignment of v(Cr-Br) bands in ‘
thiourea complexes because of the interference of
either ligand or (Cr-S) bands.
Infra-red and far infra-red spectra of all
compounds prepared in the present work were recorded at
low resolution on the Perkin Elmer 577 (Chapter 2),
except for the caesium tetrachlorochromate(II), the
spectrum of which was also recorded at higher resolution
on the Interferometer at room temperature and liquid
nitrogen temperature. The far infra-red bands are given
in Table 3*9 and Figures 3-19 - 3*2 4. The'spectra in
•" 1the region 4000 - 6 0 0 cm have not been reported
- 121 -
TABLE 3 . 9
Infra-Red Spectra (cm ) of Chromium(II)
Complex Chlorides
Compound v(Cr-Cl) Others
(MeNH3 )2CrCl4
(EtNH3 )2 CrCl4
(enH2 )CrCl4
(enH2 )Cl2
(dienH )CrCl 
3 5
(dienH3 )Cl^
(trienH^)CrClg 
(trienH^)C14
(Me4N)CrCl3
(Me2NH2)CrCl3
Cs2CrC14
CSgCrCl4*
3 0 3 m b 
3 1 5 sh, 293 s b 
3 l8 w sh, 3 0 0 s b 
3 0 5 s h, 2 6 7 m, 2 0 8 m
3 1 0 s, 275 m sh
2 9 9 s b, 253 m sh 
3 0 8 s, 2 5 1 m 
3 1 2 s, 294 m 
3 1 2 s, 2 9 2 s, 2 8 8 m
339 m
345 w sh
35 3 w, 294 s b
400 w, 2 9 8 m h
l6 8 w sh , 1 58 s
ll4 w , 1 02 m 
76 s
Compound
Cs2 CrCl4 (H2 0 ) 2
Rb2CrCl4 (H2 0 ) 2
V(Cr-O)
430 m 
446 m
(NH4)2CrCl4(H20)2 438 m
V(Cr-Cl)
335 s 
325 s 
325 S
6 (Cr-0)
2 3 6 m
237 w 
243 w
* High resolution
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Figure 3-19
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because they show bands due to organic cations only*
_ 1
The strong bands observed between 295 ~ 320cm in the 
anhydrous compounds can be assigned to v(Cr-Cl) 
stretching vibrations in the xy-plane, since these 
bands are close to the range found for other chromium(II) 
complexes. The ethylammonium, ethylenediammonium,
diethylenetriammonium complexes show a weak shoulder
— 1 ■ — 1 — 1 at higher frequencies, at 315cm , 3l8cm and 3^5cm
respectively, while the remaining compounds (except for
(MeNH^)gCrCl^)r as well as the diethylenetriammonium
salt, give less intense bands at lower frequencies
(Cs^CrCl^ at 29^cm (dienH^)CrCl^ at 267cm  ^ and
208cm (trienH^)CrClg at about 275cm ^)* These lower
—  1
frequency bands, which are in the range 208 — 29^cm ,
are probably due to v(Cr-Cl) bridging vibrations 
although their frequencies seem to be high and no other 
data is available. In the square-planar copper(ll)
compounds, (RNH^)^CuCl^ (R = Et or Me), only one band
57 57has been found . Adams and Lock have assigned the
“""Imedium bands observed in the region 230 - 280cm in
the spectra of MCuCl^ (M = K or N H ^ ) to v(Cu-Cl)
-1 -1bridging and the strong bands at 30lcm and.311cm. for
M = K and NH^ respectively to terminal v(Cu-Cl)
stretching vibration*
The far infra-red spectrum of Cs^CrC!^, recorded
— 1in the range 400 - 50cm also shows intense bands
between l40cm and 170cm (Figure 3*2^). This region
—  1 'contains an intense band at 152cm , two less intense
- 129
_ 1 _ ^  ^
bands at 1 5 8cm and l44cm , and a shoulder at l6 8 cm
These bands are probably due to deformation modes. The
v(Cr-Cl) band in Cs^CrCl^ at high resolution is very
_  1 ' - 1
broad, and three bands appear at 312cm , 2 9 2 cm and
—• I “"1 “ 12 8 8 cm . The bands which occur at 102cm and 7 6 cm
are probably due to "localised lattice modes”, since a
similar assignment has been made for other compounds of
chromium(ll) in which these bands have been found to be
l6halogen-sensitive
The 1 : 1 compounds, that is, (Me^N)CrCl^ and
(Me_NH )CrCl , give two bands in the far infra-red
region (Figure 3*22 and Table 3*9). The lower frequency
- 1
band, at around 3 0 0 cm , is probably associated with
— 1terminal Cr-Gl bonds and the band at about 260cm with
the bridging system. The copper compound, GsCuCl^,
exhibits similar bands in approximately the same region,
but in the latter the band due to terminal v(Cu-Cl) is
split by 6 cm *•
The spectra of the hydrated compounds,
Cs2 CrCl4 (H2 0 )2 , Rb2CrCI4 (H2 0 ) 2 and (NH4 )2 CrCl4 (H,,0 )2 ,
“Icontain a strong band around 3 3 0 cm which is assigned
to the short v (Cr-Cl) terminal stretching vibration.
— 1The medium band in the range 235 ~ 243cm can be
ascribed to the S(Cr-O) vibration. Similar assignments 
57have been made ' for the hydrated copper(ll) compounds, 
M^CuCl^(H^O)^ , where M = Rb, K or NH^.
The v(Cr-Cl) absorptions of the hydrated compound 
are at comparatively higher frequencies than those found
- 130 -
for the anhydrous compounds. The same is true for the 
hydrated copper(II) compounds. For example, the v(Cu-Cl) 
stretching frequencies in K^CuCl^(H^O)^ and (EtNH^)^CuCl^
are at 3 1 3cm and 284cm respectively.
' ■ _ \ 
There is a very strong, broad band around 3250cm
and a strong band around l6 l0 cm in the spectra of
caesium, rubidium and ammonium tetrachlorodiaquo-
chromates(II) which is due to the presence of water.
The low frequency of the v(0-H) stretching vibration
probably indicates that the molecules of water have been
coordinated, although hydrogen-bonding can also be
responsible for this reduction of v (0-H) frequency.
X-Ray Powder Patterns and Structures
Recording of powder photographs of air-sensitive 
complexes is a comparatively simple procedure and 
provides useful structural information,’especially if 
the structure of an isomorphous, air-stable complex is 
known. .
Chromium(II) complexes are usually similar in 
structure to, or isomorphous with the corresponding 
copper(ll) compounds. Isomorphous compounds give 
almost identical X-ray powder patterns, and to obtain 
more details about the structure of chromium(II) complexes 
their X-ray powder patterns were taken and compared 
with those of the analogous copper(Il) compounds of 
known structure. Visual inspection revealed that most 
of these patterns of corresponding pairs of compounds
were indistinguishable from one another. These 
observations are further supported by measurements of 
the Bragg angles and d-spacings which are shown in.
Tables 3 - 1 0 - 3 - 2 1 .
The hydrated compounds, Cs^CrCl^(H^O)^ ,
(NH^)^CrCl^(H^O) 2 and Rb2 CrCi^(H2 0 )2, are isomorphous 
with their corresponding copper(II) compounds (Table 3-10 
- 3-13)- The copper(II) compounds have been shown by 
single-crystal X-ray diffraction studies to be tetragonal
2— Q-| OQ
containing the_[CuCl^(H^O)^] anions 1 - Thus the
same structure can be assigned to the chromium(II)
dihydrates (Figure 3-26), confirming the earlier
29
deductions from magnetic and spectral data - 
Pyridinium tetrachlorodiaquocuprate(II) has not been 
reported so comparison of the powder pattern of the 
chromium(ll) compound was not possible, but it is 
probable that it has a structure similar to that of 
the other hydrated compounds.
Rubidium tetrachlorodiaquochromate(II) could 
be isolated as a green or a blue form depending on the 
concentration of chromium(II) chloride used in the 
concentrated hydrochloric acid, from which the crystals 
were obtained. It was thought that the green form 
might contain cis-anions and the blue form trans-anions 
as in the copper(ll) compound. However, it was found 
that the two forms have indistinguishable X-^ray powder 
photographs (Table 3-ll) and therefore they must have 
the same structure. The different colours may be due
- 132 -
X-Ray Data for Corresponding Copper(II) 
and Chromium(II) Complex Chlorides
TABLE 3.10
es2CrCl4 (H20)2 Cs2CuC14 (H20)2 .
a >  b = 7 . 8 5  A° > a = b = 7-92 A°
c = 8 . 2 8  A° c = 8.24 A°
Sin20 ,obs. Sin 0 'cale.
hkl
0.0191 0 . 0 1 9 1 1 1 0 ’ s
O.O3 8 6 O.O383 2 0 0 s
0.0483 0.0479 2 10 vw
0.0545 0.0542 112 vs
0 . 0 5 6 9 O.O5 6 1 2 1 1 vw
0.0736 0.0733 2 0 2 vs
0 . 0 7 6 9 O.O7 6 6 2 2 0 vs
0 . 0 8 2 6 0.0829 2 1 2 w
0.0884 • 0.0884 103 vw
0.0955 0.0957 310 m
0.1119 0 . 1 1 1 6 2 2 2 w
0 . 1 3 0 8 0 . 1 3 0 1 3 1 2 s
0.1398 0.1401 004 s
0 . 1 5 3 2 0.1531 400 w
0 . 1 7 8 0 0 . 1 7 8 3 224 w
0.1915 o.i9 i4 420 w
- 1 3 3  -
TABLE 3-11
Comparison of Green and Blue Forms of Rubidium Salts
Rb2CrCl;((H20)2 Rb2CrCl4 (H20)2
(green form) (blue form)
0hkl dhkl I 0hkl dhkl
I
degree) (A°) (degree) ( A ° )
CD • M' V jO 5.44 m 8 . 1 7 5.42 m
11.79 3-77 m 11.78 3.77 m
13.15 3.39 vvw 13.23 3.37 vw
l4.04 3.18 vs 13.91 3.21 vs
14.35 3. 11 w 14.33 3.11 w
16.33 2.74 vs 1 6 . 2 6 2.75 vs
16.79 2.67 vs l6 . 76 2 . 7 6 vs
17.39 2 . 5 8 vw 1 7 . 2 6 2 . 6 0 vw
17.85 2 . 5 2 vw 17.76 2.53 vw
18.84 2.39 w i8.77 2.40 w
2 1 . 6 1 2.09 vw 21.53 2 . 1 0 vw
2 2 . 0 8 2.05 s 21.97 2 . 0 6 s
2 2 . 6 9 2 . 0 0 s 2 2 . 5 0 2 . 0 1 s
24.03 1.89 s 23.99 1.90 s
- 1 3 4  -
TABLE 3.12
Rb CuCl
4 (H20) 2 R b 2
(g
4 (H 2 0 ) 2
reen form)
®hkl
(degree)
dhkl 
( A° )
I Ghkl 
(degree)
dhkl 
(A°)
I
8 . 1 6 5.43 m 8 . 13 5.44 ra
11.79 3.77 m 11.79 3.77 m
13.22 3.37 V V ¥ 13.15 3.39 v v w
l4 . 03 3. 18 V S 14.04 3 . 18 vs
14.35 3. 11 v w 14.35 3.11 TV
1 6 . 3 6 2.74 vs 16.33 2.74 vs
1 6 . 7 8 2.67 vs 16.79 2.67 vs
17.42 2 . 5 8 v w 17.39 2 . 5 8 VTV
17.91 2.51 v w 17.85 2 . 5 2 VTV
1 8 . 8 5 2.39 TV 18.84 2.39 TV
2 1 . 6 1 2.09 v w 2 1 . 6 1 2.09 VTV
2 2 . 0 5 2.05 s 2 2 . 0 8 2.05 s
2 2 . 6 7 2 . 0 0 s ' 2 2 . 6 9 2 . 0 0 s
24.03 ■'1.8-9 s 24.03 1.89 s
- 135 -
TABLE 3.13
(NH4 )2Cu C14 (H20)2 (NH4 )2CrCl4 (H20)2
0 d . I e d ’ Ihkl hkl hkl hkl
(degree) (A°) (degree) (A°)
8.20 5.40 vs 8 . 1 8  5-42 s
11.23 3 . 9 6 s 11.23 3.96 s
13-20 3.38 m 13.18 3.38 m
14.05 3.17 m 14.00 3.19 m
l4.4o 3 . 1 0 m 14.38 3.15 m
1 6 . 3 6 2.74 vs 16.33 2.74 vs
16.75 2 . 6 2 vs 1 6 . 8 0  2 . 6 7 vs
17.45 2.57 w 17.38 2.58 w
1 8 . 0 0 2 . 5 0 w 17.88 2.51' w
18.75 2.40 vw 1 8 . 7 8  2.40 vw
20.35 2 . 2 2 s 2 0 . 2 8  2 . 2 3 s
21.70 2 . 0 8 w 2 1 . 6 2  2 . 0 9 m
2 2 . 2 8 2.03 w 22.33 2.03 vw
2 2 . 8 5 I. 9 8 s 2 2 . 7 8  .1-99 s
a = b = 7 . 5 8 A° a = b = 7.60 A°
c = 7.96 A° c = 7.93 A°
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TABLE 3.14'
( EtNH )2CuC^4
!EtNH3 )2CrCl4
e d I 0 V, d, , n Ihkl hkl hkl hkl
iegree) ( A° ) (degree ) ( A°)
4.19 10.55 vs 4.19 10.55 vs
8.70 5 . 1 0 s 8 . 7 0 5 . 1 0 s-
1 0 . 5 0 4 . 2 3 s 10.55 4.21 s
1 2 . 0 0 3.71 s 11.99 3.71 s
12.49 3.56 w 12.56 3.54 w
13.55 3.29 vw 13.50 3.30 vw
l4.09 3.17 vw 14.06 3.17. vw
14.63 3.05 s 14.70 3.04 m
15.83 2 . 8 3 vw 15.94 2 .8 l vw
17.10 2 . 6 1 vs 1 7 . 0 8 2 . 6 2 vs
17-58 2.55 s 1 7 . 6 1 2.54 s
17.96 2 . 5 0 vw 17.95 2 . 5 0 vw
1 8 . 5 6 2.42 vw 1 8 . 4 5 2.44 w
19.13 2.35 m 19.10 2 . 3 6 m
)
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TABLE 3.15
(enH2)CuCl^ (enH^CrCl^
6hkl dhkl ■1 0hkl dhkl
I
degree) ( A°) (degree) (A )
5.48 8.07' vs 5.36 8.25 vs
8.23 5.34 vs 8 . 6 5 5.13 vs
10.14 4.38 s 10.09 4.50 s
10.45 4.25 s 1 0 . 3 8 4.28 m
10.98 4.05 w 1 0 . 8 1 4 . 1 1 w
1 2 . 0 9 3 . 6 8 s 1 2 . 10 3.68 s
12.48 3.56 s • 12.46 3.57 s
13.25 3.36 w 1 3 . 2 9 3.35 w
13.79 3.25 m 1 3 . 7 4 3.25 m
l4. 83 3.01 m 1 4 . 7 8 3 . 0 2 m
1 5 . 1 8 2.95 m 1 5 . l4 2.95 w
l6.44 2 . 7 2 s 1 6 . 27 2.75 s
1 6 . 6 9 2 . 6 8 s
17*05 2 . 6 3 w w 1 6 . 8 6 2 . 6 6 w w
17.51 2 . 5 6 vs 17.47 2.57 vs
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TABLE 3 . 1 6
(dienH )CuCl_ 
3 5
(dienH^ )CrCl5
9hkl 
degree)
dhkl 
( A° )
. I 9hkl
(degree)
dhkl
(A°)
I
3 • 8 1 1 1 . 6 0 vs 3.84 11.51 vs
7.46 5-94 s 7.49 5.92 s
8.64 5 - 1 8 m 8 . 6 8 5.18 m
9.55 4.64 vs 9.46 4.69 vs
11.50 3.87 m 11.50 3.87 m
12.33 3 . 6 1 s 1 2 . 1 6 3 . 6 6 s
12.55 3.55 s 12.51 3.566 s
13.10 3.40 vw 13.08 3 .41 vw
13.68 3 . 2 6 m 13.73 3.25 m
14 • 2 0 3.15 vw l4 . 23 3. l4 vvw
14.71 3.04 vw 14.68 3.03 . w w
15.11 2 . 9 6 s 15*00 2 . 9 8 ■ s
1 5 . 6 8 2 . 8 5 w 1 5 . 6 6 2 . 8 6 w
17.71 2.55 vs 17.63 2.55 vs
139 -
(trienH
Ghkl
(degree)
3.01
5.73
6.20
6.85
8.65
9.25
10.36
12.20
12.63
13.86
14.36 
15.01 
15.76 
16.30 
16 • 85
TABLE 3.17
)CuClg (trienH^)CrCl6
dhkl
I 9hkl dhkl
I
( A°) (degree) (A )
4.70 s 3 . 0 1 l4.7 0 s
7.72 vs 5.63 7.86 vs
7. l4 w 6. 11 7.24 w
6.48 V V ¥ 7.18 6 . 1 7 vw
7.64 5 . 8 0 w
5.13 ra 8 . 5 8 5.17 w
4.80 vs 9- 11 4.87 vs
4.29 s 10.33 4.30 s
11.38 3.91 vw
3.64 vs 1 2 . 2 1 3.65 vs
3.53 vs 12.55 3.55 vs
12.91 3.45 w
• to to m 13.63 3.27 m
3 . 1 1 s 14.28 3.13 m
2 . 9 8 in l4.91 2.99 s
2.84 vw 15.45 2 . 8 9 VW
2 . 7 5 , vw 1 6 . 1 4 2.77 vvw
2 . 6 6 s ■ 1 6 . 8 1 2 . 6 5 s
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TABLE 3.18
<MeNH3 )2CuC14 (MeNH3 v
_/
to O 0 H (4^
9hkl
degree)
dhkl 
( A° )
I Ghkl 
(degree)
dhkl 
( A° )
I
4.89 9.04 vs 4.83 9.15 vs
8.93 4.97 vs 8.84 4.96 vs
j* jk n AXX# 3 . 9 6 m 1 1 . 1 1 3.99 m
1 2 . 2 0 3.65 s 1 2 .15 3 . 6 6 s
13.78 3.23 vw 13.74 3.24 vw
14.49 3 . 0 8 m •14.28 3 . 1 2 m
15.59 2 . 8 7 s 15.48 2 . 8 9 s
17.36 2 . 5 8 vs 1 7 . 2 6 2 . 6 0 vs
1 8 . 0 3 2.49 m 17.98 2.50 m
1 9 . 0 8 2 . 3 6 m 18.95 2 . 3 8 m
19.4l 2 . 3 2 m 19. 1 8 2.35 w
2 0 .8 l 2.17 w 20.75 2 . 18 vw
2 2 . 8 5 1.98 m 22.75 1 . 9 9 m
2 3 . 6 6 1 . 9 2 m 2 3 . 6 6 1 . 9 2 w
TABLE 3.19
(Me2NH2 )2CuC14
(Me2NH2)2CrCH
0hkJ dhkl
I Ghkl dhkl
I
legree ) (A°) (degree) (a  )
5.23 8.46 m 4.21 1 0 . 5 0 vs
6.05 7.31 s 4.66 9.49 vw
7.24 6 . 1 0 s 5.15 8.59 vw
7.91 5 . 6 0 s 5.75 7.70 vs
8 . 5 6 5 . 1 8 w 6.35 6 . 9 2 vs
9.33 4 . 7 6 w • 6 . 9 6 6 . 3 6 w
9.94 4.46 m 7.50 5.91 w
10.50 4.23 m 8.35 5.31 w
1 1 . 6 6 3 . 8 1 m 9 . 2 0 4.82 vw
12.33 3.6l w 1 0 . 2 8 4.32 m
13.13 3.40 m 11.51 3 . 8 6 m
14.03 3.18 m 1 2 . 1 0 3 - 6 8 w
14.58 3 . 0 6 m 1 3 . 0 0 3.43 m
1 5 . 0 6 2.97 w 14.09 3 . 1 6 vs
15.73 2.84 s 15.24 2.93 m
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(Me2NH
9hkl
(degree)
4.18 
6 . 1 0  
6.40 
8 . 5 6  
9.24 
9.90 
10.29 
10.73 
1 1 . 2 6  
12.39 
13.19 
13.75 
14.44 
15.01 
15.48
TABLE 3.20
)CuCl3 <Me2NH2 )CrCl3
dhkl
I Ghkl dhkl/■*
I
( A°) (degree) (A )
10.57 w w 4.94 8.95 w
7.25 s 5.29 8 . 3 6 m
6.92 s 5.95 7.44 s
5. l8 w 6 . 3 0 7.02 s
4.80 m 6.89 6.43 m
4.48 vw 8.69 5.10 vw
4.31 vw 9.21 4.82 vw
4. l4 m 10.14 4 . 3 7 w
3.94 w io.4o 4.27 m
3.59 m 1 0 . 9 6 4.05 vw
3.38 w 1 1 . 5 1 3 ?86 m
3.24 s 1 2 . 5 0 3 . 5 6 vw
3.09 vw 1 2 . 9 6 3.44 w
2.98 vw l4.25 3.13 m
2.89 w 14.68 3.04 w
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TABLE 3.21
Cs2CrCl4a Cs2CrCl4b
6hkl dhkl 1 dhkl I/l 1
(degree) (A°) (A )
8.21 8 0
4.99 40
10.95 - 4 . 0 6 w 4.11 8 0
11.91 3.74 vs 3.77 90
12. 29 3 . 6 2 vs 3 . 6 8 8 0
13.38 3.33 w w
16.48 2.717 vs 2.745 1 00
17.31 2.575 vs 2 . 6 0 5 8 0
19.64 2.294 Vvw 2.483 2 0
20.65 2 . 1 8 6 s 2.199* 8 0
2 1 . 2 0 2 . 1 3 2 s 2.143 8 0
2 2 . l8 2.042 m 2.053 8 0
24.25 1 . 8 7 7 m 1 . 8 9 0 6 0
24.81 1 . 8 3 7 m 1.839 6 0
25-55 1.787 w 1.792 4o
27.42 1.674 vw 1 . 6 7 8 4o
27.90 1.648 m 1 . 6 5 0 6 0
2 8 . 6 5 I. 6 0 8 m 1 . 6 1 5 6 0
30.34 1 . 5 2 6 vs 1.532 6 0
31.01 1.496 m 1 . 5 0 2 6 0
a, = Present work b = Reference 94
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to different particle size.
Each of the compounds methylammonium, ethyl- 
ammonium and ethylenediammonium tetrachlorochromate(II) 
has a powder pattern identical with the pattern of the 
corresponding copper(ll) compound and so the pairs must 
be isomorphous. The copper(ll) compounds have been 
shown by crystal structure determinations^ ^ 1 and
C7 2 —
spectral studies to contain square planar [CuCl^]
anions, while the chromium(II) compounds, as their
reflectance spectra indicate, contain chromium(ll)
ions in a tetragonal coordination. In fact, in the
crystal structure of the copper(II) compounds adjacent 
2—[CuCl^] ions are arranged in such a way as to give 
each copper atom a pseudo-octahedral coordination.
For example, in ethylenediammonium tetrachlorocuprate(II),
chlorine atoms from neighbouring square planar ions, at
o *distances of 2.88 A from each copper atom, give rise
to a distorted octahedral coordination about each
copper atom, and thus a two-dimensional sheet-like
structure of anions r e s u l t s T h e  interionic Cu - Cl
distance in the ethylammonium compound, (EtNH^)CuCl^,
has been reported'*^ to be 2.98 A°. This distance is
so long that littie or no covalent bonding can be
considered to be present as the distance is greater
than the sum of the ionic radii (2.53 A°), However,
104
as reported by Willett, Liles and Michelson the 
thermochromic properties of these compounds indicate 
that some ionic interactions between the square planar
145 -
species do exist. They have shown by dta studies that
the thermochromic change implies a rearrangement of 
2 -[CuCl^J ions with respect to each other so that some
of the long Cu - Cl interactions are broken. The
2—rearrangement of the [CuCl^] ion at low temperature 
gives the copper atom a square-pyramidal configuration, 
but still with one atom outside the coordination 
sphere.
The isomorphism of analogous copper(II) and 
chromium(ll) complexes implies that corresponding bond 
distances are identical, or nearly so. In ethylene­
diammonium tetrachlorocuprate(II), for example, the 
tetragonal Cu - Cl distance is 2.88 A°. This is 
greater than rCu2 + ( 0.72 A°) + rci- (l.8 l A°) = 2 . 5 3  A°,
i.e. the compound can be considered to be composed of
2—square planar [CuCl^] units at the most weakly bonded 
along the tetragonal direction. Isomorphism implies 
the same Cr - Cl separation along the tetragonal axis, 
but because of the larger ionic radius (Cr^+ = 0.89 A°),
this tetragonal Cr - Cl distance is closer to 
Cr2+ + rClT r 2 + + rn  - = 2.70 A°, and therefore there is more
2+  -interaction between the Cr and Cl than between the
2 + - •
Cu and Cl . This is presumably why the chromium(ll)
compounds give typical "tetragonally-distorted"
reflectance spectra whilst the copper(ll) complexes
give "square planar" spectra. This may explain the
different behaviour, on dehydration, of the reflectance
spectra of isomorphous (NH^)^CrCl^(H^O)^ and
- 146,-
(NH^)^CuCl^(HgO)2 * The former has a main band at
— 1 ” 1 1 3 ,5 0 0 cm and a distortion band at l0 ,6 0 0 cm . On
dehydration the main band moves to lower frequency
because the net ligand field is less and the distortion
- 1band is observed at 8,000cm • In the spectrum of
(NH^O^CuCl^ compared with (NH^)^CuCl^(H^O)^ the main
—  i
band has moved to higher frequency (from 1 2,6 0 0 cm to
* . — “I
near 13,000cm ) in spite of the reduced ligand field.
This is in agreement with the square planar, i.e. highly 
distorted tetragonal, structure of the copper(ll) 
compound.
Diethylenetriammonium pentachloro- and 
triethylenetetrammonium hexachlorochromates(II) give 
almost identical powder patterns to those of the 
corresponding copper(ll) compounds and so they are 
isomorphous, or nearly so. The triethylenetetrammonium
4
compound gave a few very weak extra lines as compared
to the copper compound. These may be due to a very
small amount of impurity in the compound.
Zaslow and Ferguson^’ have shown by a single­
crystal X-ray diffraction investigation that, in fact, 
the diethylenetriammonium pentachlorocuprate(II) has a 
similar structure to the non-tetrahedral tetrachloro-
cuprates(II). It should be formulated as
[(NH CH CH )0NH ]Cl[CuCl.], and the structure consists 
of discrete square planar tetrachlorocuprate(II) units 
with an equal number of free chloride anions and cations 
(Figure 3»25)» The corresponding chromium(II) compound
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O  Cu
Cl
G
O
N
Figure 3»25
Part,of unit cell of [ (NH^CH^CH^) ^ INH^CI [CuCl^] . Ref. 56
Cl .
OH.
M M = Cr or Cu
H 2°
Cl
Cl
Figure 3»26
l48 -
2 — ' ' ' is probably composed of [CrCl^] units which form
long bonded Cr - Cl chloride-bridges with neighbours to
give a distorted octahedral configuration to the
chromium(II) ion*
The crystal structure of the triethylene-
tetrammonium hexachlorocuprate(II) has not been reported,
2— ■ .but it is likely to contain square planar [CuCl^] units 
with free chloride ions. The related bromide (enH^^CuBrg 
has been shown to be bis(ethylenediammonium bromide) 
tetrabromocuprate (II), [NH^CH^CH^NH^HBr ]]^ [CuBr^] , 
although the tetrabromocuprate(II) anioii is
134extremely distorted tetrahedral . Similarly, the
triethylenetetrammonium hexachiorochrornate(II) is
2 —probably composed of [CrCl^] units with free
2 _
chloride ions and cations. The [CrCl^] units again 
form additional long Cr Cl bonds with neighbouring 
units to give a distorted octahedral environment to the 
metal ion.
Unlike the ferromagnetic compounds, which are 
isomorphous with their corresponding copper(II) 
compounds, the antiferromagnetic dimethylammonium 
tetrachlorochromate(II) is not isomorphous with its 
copper(ll) analogue (Table 3«19), suggesting that the 
structure of (Me^NH^ ^ CrCl^ is totally different from 
those of the ferromagnetic compounds. No similarity 
can be seen between powder patterns of this compound 
and the patterns of dimethylammonium trichloro- 
chromate(II) or dimethylammonium chloride, which
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suggests that the compound is not a mixture of the 
1 : 1 compound with an excess of dimethylammonium
chloride as an impurity.
98Hardt and Streit have shown that pyridinium 
and tetramethylammonium trichlorochromates(II) are 
hexagonal and have lattice parameters of a = 12.46, 
c = 8.92 A° and a =9*05, c = 6.55 A° respectively.
As the reflectance spectra of these compounds indicate, 
the chromium(ll) ions have tetragonal surroundings.
Comparisons of the powder photographs of 
dimethylammonium trichlorochromate(II) and dimethyl­
ammonium trichlorocuprate(II) show that the two 
compounds are not isomorphous (Table 3*20). Because 
of the similarities between (Me^NH^)CrCl^ and 
(Me^N)CrCl^, for example, in their magnetic properties 
and reflectance spectra,, it seems likely that 
(Me^NH^)CrCl^ also has a hexagonal structure. Thus 
the hexagonal trichlorochromates(II) could have 
similar atomic arrangement in the lattice as the
caesium trichlorocuprate(II), although CsCrCl^ is not
ll6 124isomorphous with CsCuCl^ and Stucky and coworkers 1 
considered that there was no distortion in CsCrCl^.
The atomic arrangement of CsCuCl^ in the lattice, 
135as described by Wells , is shown schematically m  
Figure 3*27, in which the CuCl^ units are linked by a 
single bridging atom. Long interactions between 
terminal chlorine and copper atoms resulted in the 
latter having a distorted octahedral environment.
- 1 5 0  -
Figure 3» 27
Figure 3» 28
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•125Rundle et al. made a later refinement which xs shown 
in Figure 3*28. They considered that there was a 
distorted octahedral coordination about the copper atom 
with adjacent octahedra sharing a face with three 
bridging chlorines
Dimethyl ammonium trichlorocuprate(II) has been
110reported to be monoclinic . The structure consists 
of isolated Cu^Clg units which have two bridging 
chlorides but which are not symmetrical- The anions 
are packed in such a way that long-range interactions 
give an effective square pyramidal arrangement about 
each copper atom.
However in all chromium(II) compounds discussed 
here the chromium(II) ion is six coordinate and to 
reach hexa-coordination chloride bridging is necessary 
in all cases except for the dihydrate compounds and it 
is only these which are magnetically normal.
For the first time thermochromism has been 
found in chromium(II) chloride complexes. The room 
temperature and low temperature colours of these 
compounds are given in Table 3*22. Although thermo­
chromism has been reported only in anhydrous copper(II) 
compounds, yet the dihydrate chromium(II) compound,
2, exhibits this property. In no other 
dihydrate was this behaviour observed.
(PyH) CrClZt(H2 0)
TABLE 3.22 
Thermochromism of Complex Chlorides
Compound
(PyH)2CrClZl(H2 0 ) 2
(PyH)2CrCl4
Cs2CrC14 
(MeNH )2 CrCl4
(EtNH )2CrCl4
(enH2 )CrCl4
(dienH,)CrCl
(trienH^)CrCl^
Colour at R.T.
Pastel green 
Yellow
Brownish grey 
Greyish yellow 
Silver-yellow 
Greyish green 
Greenish grey 
Off-white
Colour at L.N.T.
Pale blue 
Pale yellow 
Greyish brown 
Yellowish grey 
Yellowish grey 
Yellowish grey 
Yellowish grey 
White
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CHAPTER k 
CHROMIUM(II) COMPLEX BROMIDES
- 15^
Introduction
Very little is known of* chromium(II) complex
9 8bromides. Hardt and Streit prepared the following 
few compounds from acetyl bromide and glacial acetic 
acid: CsCrBr^, (Me^N)CrBr^ and (PyH)^CrBr^.2CH^C00H.
The tribromochromates(II) were found to be hexagonal.
It has been reported that complex bromides are less 
stable than the chlorides, and this is reflected in the 
fact that few bromides of transition metals generally 
have been prepared in the melt. The majority of the 
complex bromides and all the complex iodides have been 
obtained from organic solvents
Caesium tribromochromate(II) has also been 
obtained by melting equimolar mixtures of caesium
116bromide and chromium(II) bromide, and Li and Stucky 
have found that it is isostructural with CsCrCl^ and, 
like the latter compound,.does not show any evidence 
of static Jahn-Teller distortion.
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Experimental
All preparations and measurements were carried 
out under nitrogen using the apparatus described in 
Chapter 2. The compounds were dried under vacuum or 
continuous pumping.
(1 ) Caesium Tetrabromodiaquochromate(II)
Chromium(II) bromide hexahydrate (7*43g.) was 
dissolved, by heating, in 12N hydrobromic acid (2 0ml.).
The blue solution obtained was added slowly with shaking 
to a cold solution of caesium bromide (9 *8 8g.) in 12N 
hydrobromic acid (35ml.). Light blue crystals precipitated 
immediately. The crystals were filtered off on a sintered 
disc, sucked dry, washed with acetone and dried under 
vacuum for three hours. They were ground and placed 
in glass tubes which were sealed off under vacuum. The 
dry compound is fairly stable and on exposure to air 
turned green after one hour. .
Calculated for Cs^CrBr^(H^O) : Cr, 7*72 ; Br, 47-46 ;
H 2 0, 5-34 %
Found : Cr, 7« 92 ; Br, 47.49 ;
H 2 0 , 5 - 3 2  °/o
(2) Caesium Tetrabromochromate(II)
The hydrated compound was prepared as above. The 
compound was filtered off on a sinter, sucked dry and 
washed with acetone. The filter was sealed below the 
sinter, placed in an oil bath (Figure 2 .2b) and heated 
at 130°C for fourteen hours. A dark green (in one
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preparation black) compound was obtained which was 
fairly stable. On exposure to air it turned green after 
a few hours•
Calculated for Cs^CrBr^ : Cr, 8 .15 ; Br, 50.13 %
Found : Cr, 8 .35 ? Br, 50* l6 %
(3) Rubidium Tetrabromodiaquochromate(II)
Chromium(ll) bromide hexahydrate (6.0g.) was 
dissolved in concentrated hydrobromic acid (2 0ml.), by 
heating, and added to a solution of rubidium bromide 
(6.20g.) in concentrated hydrobromic acid (6 0ml.). The 
mixture was shaken and light blue crystals separated. 
They were filtered off, sucked dry, washed with acetone
and dried for four and a half hours in vacuo. The dry
compound is fairly stable and on exposure to air it 
slowly turned green.
Calculated for Rb^CrBr^(H^O)^ : Cr, 8 . 9 8  ; Br, 55*23 ;
H O,' 6.21 ^
Found : Cr, 8 .99 ; Br, 55*27 ;
H 2 0 , 6 . 1 2  %
(^ ) Rubidium Tetrabrompchromate(II)
The hydrated compound, prepared as above, was 
heated to 150°C for eighteen hours with continuous 
pumping. A dark green compound resulted. In dry air 
(desiccator) no change in colour was observed, but on 
exposure to air it turned brown and then green.
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Calculated for Rb^CrBr^ : Cr, 9*56 ; Br, 58.93 %
Found : Cr, 9*75 ; Br, 5 8 , 8 3  %
(5) Ammonium Tetrabromodiaquochromate(II)
To a solution of ammonium bromide (2.73g*) in 
concentrated hydrobromic acid (30ml.) was added 
chromium(II) bromide hexahydrate (4.46g.) dissolved in 
concentrated hydrobromic acid (15ml.). The mixture was 
shaken and light turquoise crystals precipitated. These 
were filtered off, washed with acetone and dried for 
three hours under vacuum. The dry compound turned 
green on exposure to air.
Calculated for (NH^) (H20 ) : Cr, 11.71 ; Br, 72.02
H 2 0 , 8 . 1 1  ; H, 2 . 7 0  ; N, 6.31 %
Found : Cr, 1 1 . 8 1  ; Br, 71*93 
H 2 0, 8.17, ; h; 2.77 ; N, 6.55 %
(6 ) Ammonium Tetrabromochromate(II)
Ammonium tetrabromodiaquochromate(II) was heated 
to 150°C for forty hours under continuous pumping. The
compound turned light green and then orange-brown. A
white film, presumably ammonium bromide, appeared 
around the inside of the glass filtration unit. The 
compound is air-sensitive and on exposure to air it 
turned green within half an hour.
Calculated for (NH^^CrBr^ : Cr, 12.72 ; Br, 78*^8 j 
H, 1.96 ; N, 6 . 8 6  %
Found : Cr, 1 2* 30 ; Br, 7 8 .34 ;
H, 2 . 1 3  ; N, 6 . 6 2  %
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(7) Pyridinium Tetrabromodiaquochromate(II)
Chromium(ll) bromide hexahydrate (l.96g.) 
dissolved in ethanol (15ml.) was added to a solution 
of pyridinium bromide (l.92g.) in ethanol (lOml.). A 
light green solution resulted. It was concentrated 
under vacuum until a few pastel green crystals 
appeared. The whole was shaken, with ethyl acetate and 
further pastel green crystals separated. These were 
filtered off, washed with ethyl acetate and dried for 
fifteen hours in vacuo. The dry compound is air- 
sensitive and on exposure to air it turned green. 
Calculated for (C^H^NH)^CrBr^(H^O)^ : Cr, 9*15 ;
Br, 5 6 * 2 8  ; C, 21.13 ; H, 2 .8 l ; N, 4.93 %
Found : Cr, 9*1^;
Br, 55*96 ; C, 2 0 . 8 6  ; H, 2 . 6 2  N,' 4 . 6 5  %
(8 ) Pyridinium Tetrabromochromate(II)
The hydrated compound was prepared as in (7)*
It was filtered off on a sinter, washed with ethyl 
acetate and left under continuous pumping for thirteen 
hours. The sinter was connected to a flask containing 
phosphorus pentoxide (Figure 2.2c) and the whole 
apparatus was evacuated. Then it was detached from the 
nitrogen line and left for about one month at room 
temperature. A small change in the colour of the 
compound was observed. To remove all of the water in 
a shorter time, the whole apparatus was placed in an 
oven, at about 70°C, To** one week. A yellow compound
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resulted which is very air-sensitive and hygroscopic.
On exposure to air it turned green quickly.
Calculated for (C^H^NH)^CrBr^ : Cr, 9*77 ; Br, 60.15 ;
C, 22.55 ; H, 2 . 2 5  ;N, 5 . 2 6  %
Found : Cr, 10.08 ; Br, 60.07 ; 
C, 21.60 ; H, 2.38 ; N, 5*00 %
(9) Tetraethylammonium Tetrabromochromate(II)
Chromium(II) bromide hexahydrate (4.56g.), 
dissolved in ethanol (l5ml.), was added to a solution of 
tetraethylammonium bromide (5 *9 5g*) in ethanol(15ml.).
To the blue solution obtained was added 2 ,2 -dimethoxy- 
propane (lOml.). The solution was heated to boiling 
for fifteen minutes. A light green solution resulted.
It was concentrated under vacuum until 10ml. remained. 
Ethyl acetate was added and the mixture cooled and 
shaken. Greenish white crystals precipitated from a 
very light green solution. The precipitate was filtered 
off on a sinter, washed with ethyl acetate and dried 
for one hour under vacuum. It was then heated to 90°C 
for four hours. The apparatus was detached from the 
main apparatus and the compound was ground and shaken.
It was then heated for four and a half hours at about 
1 1 0°C. The dry compound is off-white in colour. It is 
air-sensitive and hygroscopic, and on exposure to air 
turned green and sticky.
Calculated for [(CgH^)^N]^CrBr^ : Cr, 8.22"; Br, 50*58 ; 
C, 3 0 .4l ; H , 6 . 3 3  ; N, 4 . 4 3  %
- l6o -
Found : Cr, 8 . 6 7  ; Br, 51* 5-5 ? C, 29-87 ; H, 6.60 ;
N, 4.39 °/o
(lO) Ethylammonium Tetrabromochromate(II)
Chromium(.II-)' bromide hexahydrate (5-55g-) was 
dissolved in glacial acetic acid (8 0ml.) by heating.
The green solution was added to a solution of an excess 
of ethylammonium bromide (lOg.) in glacial acetic 
acid (25ml.). The mixture was shaken and bright 
yellow-green crystals appeared. These were filtered 
off on a sintered filter, washed with glacial acetic 
acid and dried for thirteen hours in vacuo. The dry 
compound is olive yellow in colour. It is hygroscopic 
and sensitive to air. On exposure to air it quickly 
turned green.
Calculated for (C^H^NH^X^CrBr^ : Cr, 1 1 . 2 0  ; Br, 68.98 
C, 10.34 ; H, 3-44 ; N, 6.03 %  .
Found : Cr, 1 1 . 1 1  ; Br, 69-07 
C, 10.64 ; H, 3.73 ; N, 6.21 %
(1 1 ) Other Preparative Studies
Attempts were made to prepare complex bromides 
from ethylenediammonium and diethylenetriammonium salts 
as this was successful with the chlorides. The poly­
ammonium bromide, dissolved in concentrated hydrobromic 
acid, was added to a solution of chromium(II) bromide 
hexahydrate in concentrated hydrobromic acid. In each 
case white crystals separated, presumably the poly-
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ammonium bromide. However, from some preliminary work, 
it is thought that these compounds can probably be 
prepared by using glacial acetic acid as the solvent.
The polyammonium bromides are not very soluble in 
glacial acetic acid , but this difficulty can be over­
come by extraction of the polyammonium bromide with 
the recrystallization apparatus (Figure 2.4). The 
addition of a small amount of acetyl bromide seems to 
be necessary to prevent the formation of chromium(II) 
acetate.
An attempt was also made to prepare the compound, 
(Et^N)^CrBr^, in a more direct way than that described 
in (9), that is by using glacial acetic acid. Chromium(ll) 
bromide hexahydrate (4g.), dissolved in glacial acetic 
acid (8 0ml.) by heating, was added to a solution of an 
excess of tetraethylammonium bromide (7 «5g») in glacial 
acetic acid (5 0ml.). A light green solution was 
obtained but no crystals separated. Evaporation of some 
solvent produced a gummy solution. Acetic anhydride 
(lOml.) was added, and the mixture was heated to about 
l43°C for half an hour. A deep green solution resulted.
It was evaporated completely to dryness Under vacuum 
with heating. Ethyl acetate was added and the solution 
was heated. The product separated from the inside of 
the glass apparatus as yellow-green crystals. However, 
on filtration it was oxidised because of the presence 
of large pieces of compound in the solution which made 
the filtration impossible.
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The greenish white compound obtained in (9) 
before heating was dried and analysed. The analyses 
are close to the values expected for tetraethyl­
ammonium tetrabromodimethanolchromate(II).
Calculated for [(C^H^)^N]2 CrBr^(CH^OH) 2 : Cr, 7-46 ;
Br, .4-5.41.-; C, 31-05 ; H, 6.89 ; N, 4.02 %
Found : Cr, 7-09 ;
Br, 44,42 ; C, 30.88 ; H, 7.10 ; N, 4.34 ^
(12) Preparation of Copper(ll) Compounds
The copper(ll) compounds, (NH^)^CuBr^(H^O)^ and 
(EtNH^)2CuBr^, were crystallized from aqueous and 
ethanolic solutions of the appropriate quantities of the 
starting materials.
Calculated Found
Compound %  Cu %  Cu Reference
(NH4 )2 CuBr4 (H20 ) 2 14.03 13.95 13d
(CgH NH3 )2CuBr4 13.44 13-20 13d
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Results and Discussion 
Magnetism
The magnetic results are given in Tables 4.1 - 4.5 
and Figures 4.1 - 4.5* The dihydrates, except for the 
pyridinium compound, obey the Curie law over the 
temperature range investigated, and have temperature 
independent magnetic moments slightly below the 
spin-only value of 4.90 B.M. Therefore they contain 
magnetically normal high-spin chromium(II). The 
pyridinium compound has a slightly lower magnetic 
moment at room temperature (4.75 B.M.) relative to the 
other dihydrates, but it increases slightly when the 
temperature is decreased, reaching 4.83 B.M. at liquid 
nitrogen temperature. Thus it shows a very small 
variation in the magnetic moment which gives rise to a 
0 value of — 4°K and therefore obeys the Curie-Weiss 
law (Figure 4.4), but the departure from normal 
behaviour is only minor.
The anhydrous compounds, except for caesium 
and ethylammonium tetrabromochromates(II), have magnetic, 
moments well below the spin-only value at room 
temperature which reduce as the temperature is lowered.
The low moments and their temperature dependence can 
be ascribed to antiferromagnetic interactions, probably 
arising from bromide-bridged structures.
Caesium and ethylammonium tetrabromochromates(II) 
have effective magnetic moments well above the spin-only 
value of 4.90 B.M. at room temperature. These increase
Magnetic Results o f Chromium(II.) Complex Bromides
TABLE
Compound T (°K)
Cs2CrBr4 (H2 0 ) 2 294.8
262.5
230.3
198.2 
l66. 1
136.3
103.3
89.3
9 = 0
(diamagnetic correction =
Cs2CrBr4 295-1
262.4 
230. 1
198.3
l66. 2
135.4
103.3
8 9 . 1
e = -44°
(diamagnetic correction =
106Xa 1°'2Xa _ 1 He (B.M.
9,977 1.003 4.85
11,245 0 . 8 8 5 4.86
1 2 , 8 0 5 0 . 7 8 1 4.86
14,965 0 . 6 6 8 4.87
17,885 0.553 4.87
22,045 0.453 4.88
28,891 0. 3^6 4.88
33,524 0 . 2 9 8 4.89
234 x 1 0‘-6 C .g . S . units)
1 0 , 6 0 1
*
0 . 9 4 3 Ul • 0 0
12,075 0 . 8 2 2 5 .O3
14,071 0 . 7 1 1 5.09
1 6 ,844 0 . 5 9 3 5.17
■2 1 , 198 0 . 4 7 2 5.31
290,46 0 . 3 4 4 5 . 6 1
48 , 6 0 8 0 . 2 0 6 6.35
72,528 0 . 1 3 8
0CM•
- 62 0 8 x 10 e.g.s. units)
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Compound T (°K)
Rb2CrBr4 (H2 0 ) 2 294.9
2 6 2 . 5
230.3
198.2
1 6 6 .3 
135-5 
1 0 3 . 0
89.5
0 = 0
(diamagnetic correction =
Rb2CrBr4 293*3
262. 3 
230. 1 
1 9 8 . 4
166.4
135.2
103.3
89.4
i°6Xa i0”2Xa“1 Li (B 'e
1 0 , n 4 0 . 9 8 8 4.88
11,363 0 . 8 8 0 4 . 8 8
12,958 0.771 4.88
1 5 , 1 0 8 O . 6 6 1 4.89
17,979 0 . 5 5 6 4.89
2 2 , 1 8 1 0.450 4.89
29,051 0.344 4.89
33,638 0.297 4.90
- 62 0 9 x 1 0“ e.g.s. units)
7,350 i. 361 4.17
8,009 1.249 4 . 1 0
8 , 7 8 6 1.138 4 . 0 2
9,708 1 . 0 3 0 3.93
10,899 0.917 3 . 8 0
£2 , 4 0 3 0 . 8 0 0 3.67
14,717 0.679 3.49
1 6 , 6 0 6 0 . 6 0 2 3-45
0 = 8 2 °
(diamagnetic correction = -1.83 x 10 e.g. s. units)
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TABLE 4.
Compound T ( K)
(NH4 )2CrBr4 (H2 0 ) 2 294.8
262.3 
197-8 
13^.5 
102.8
8 9 . 1
0 = 0
(diamagnetic correction =
(NH(t)2CrBr4 295-1
2 6 2 . 6  
230.0 
198.2 
l6 6 . 2 
135-4
103.4
89.1
e = 94°
(diamagnetic correction =
i°6Xa i0 '6x a'
1 \1 (B e
9,985 1 . 0 0 2 4.85
11,205 O . 8 9 3 4.85
15,034 0.665 4.87
21,123 0.452 4.87
28,907 0.346 4.87
33,545 0 . 2 9 8 4.89
L91 X  1 0"
■ 6 c. g . s. units)
7,375 1.356 4. 17
8 , 0 5 2 1.242 4. 11
8 ,8i4 1 . 134 4.03
9,749 1 . 0 2 6 3.93
1 0 , 8 5 1 0.921
0CO•
12,340 0 . 8 1 0 3 . 6 5
14,552 0 . 6 8 7 3 . 4 7
15,834 0.631 3-36
- 6165 x 1 0" e.g.s. units)
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TABLE 4.4
Compound T (°K) io6Xa 10_6xA-1 LI (B.Te
(PyH)2CrBr4(H20 ) 2 295.0 9,562 1.046 4.75
2 6 2 . 6 10,725 0.933 4.75
2 3 0 . 2 12,384 0 . 8 0 9 4.77
198.3 14,512 0 . 6 8 9 .4.80'
1 6 6 . 3 17,249 0 . 5 8 0 4.79
135.2 2 1 , 3 8 5 0.468 4.80
103.1 2 8 , 0 8 8 0.356 4 . 8 1
89.3 32,734 O . 3 0 5 4.83
II 1 0
(diamagnetic correction = -257 x 1 0“
■ 6 . , \ e.g.s. units;
(PyH)2CrBr4 29^.8 8 , 0 1 8 1.246 4.35
262.4 8 , 9 2 8 1 . 120 4.33
230.3 9,805 1.019 4.25
198.3 11,095 0 . 9 0 1 4.19
1 6 6 . 5 12,659 0.795 4.09
135.3 14,722 0.679 3.99
103.3 17,455 0.572 3 . 8 0
89.4 19,140 0 . 5 2 2 3.70
0 = 6 0 °
— 6 . , \
(diamagnetic correction = -231 x 10 e.g.s. units;
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TABLE 4.5
Compound
(EtNH3 )2 CrBr4
T (°K) i°6Xa \l (B e
291* 5 1 5 * 126 O . 6 6 1 5.94
2 6 2 . 6 17,464 0.572 6.05
230.4 21,450 0.466 6.29
1 9 8 . 6 2 8 , 0 2 1 0.356 6.6.7
166.4 •40,031 0 . 2 5 0 7 . 3 0
135*4 6 0 , 1 1 3 0 . 1 6 6 8.07
1 0 3 . 6 1 3 1 , 7 2 8 0 . 0 7 6 10.44
89-5 239,364 0.042 13.09
0 = -87°
- 6(diamagnetic correction = - 2 1 2  x 10 e.g.s. units)
(Et4N)2CrBr4 2 9 5 - 3 8 , 9 0 2 -1.123 4 . 5 8
262.5 9,737. I.O16 4 . 5 4
230.4 1 0 , 8 8 8 0 . 9 1 8 4.48
198.3 12,259 O . 8 1 5 4. 4i
1 6 6 . 3 13,709 . 0.729 4.27
135.2 14 , 9 0 0 0.671 4.01
IO3 . 3 1 8 , 1 1 7 0.551
VOCO•
89.4 19,369 0 . 5 1 6
CM••cn
0 = 8 8 °
(diamagnetic correction = - 3 6 3  x 10
6 C.g.S. units)
-  l69 -
Figure 4,1
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Figure 4.2
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Figure 4.3
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Figure 4.4
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Figure 4.5
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considerably on decreasing the temperature. This 
behaviour is attributed to ferromagnetic interactions.
The ethylammonium compound shows stronger interaction 
them the caesium compound. The former has room 
temperature and liquid nitrogen temperature magnetic 
moments of 5-94 and 13.09 B.M. while in the latter 
the magnetic moments are 4.9$ and 7-31 B.M. 
respectively.
All anhydrous compounds obey the Curie-Weiss 
law over the temperature range studied except fOr 
some curvature at low temperatures. The Weiss constants 
(0 ) obtained by least squares extrapolation of the 
linear parts of the curve are shown in Tables 4 . 1 - 4 . 5 *
Rubidium and ammonium tetrachlorochromates(II)
29as reported show ferromagnetism, whereas the 
similar compounds with bromide exhibit antiferro­
magnetism. This change in the magnetic, behaviour could 
be due to the larger ionic radius of bromide (r = 1.96 A°) 
relative to chloride (r = 1 .8 l A°). The different
electronegativities of chloride and bromide could also
2 —be important. If a similar arrangement of [CrBr^] 
units occurs in these antiferromagnetic bromides as in 
the copper(ll) and chromium(II) chlorides (Chapter 3), 
the magnetic interactions should be transmitted through 
the tetragonal axis. The substitution of bromide for 
chloride seems to reduce either the tetragonal distortion 
and/or the chromium - bromide - chromium l8 0 ° angle so 
that the situation favours antiferromagnetic interactions.
- 175
On the other hand caesium and ethylammonium tetrabromo- 
chroraates(II) exhibit ferromagnetism, and the size of 
the cations must have modified the crystal structure 
so as to favour ferromagnetism in spite o f  t h e normal 
effect of bromide.
Reflectance Spectra
The reflectance spectra obtained at room
temperature and liquid nitrogen temperature are shown
in Table 4.6 and Figures 4.6 - 4.10. The spectra of
137 138all these compounds resemble those found ’ for 
tetragonally-distorted chromium(II)., compounds. As 
mentioned previously, for a tetragonally-distorted 
chromium(II) complex, three visible and near infra-red
absorption bands are expected corresponding to the
5 5 5 5spin-allowed transitions: A. , B .  B 0lg lg lg 2g
and ^B ..... (Figure 3*8). »
lg g
The hydrated double bromides (except the caesium
compound) exhibit a strong band in their spectra around 
- 113,000cm , which is assigned to the superimposition of the
r r  ^ c
B ----- >  and B^----- >•, B„ transitions (the main
lg g lg 2g
— i '
band), and a lower frequency band at about 1 0 ,0 0 0 cm ,
5 5which is assigned to the B-  -   >  A„ transition
lg lg
(the distortion band). The strong band appearing at
—  i
about 1 2 ,6 0 0 cm in the spectrum of Cs^CrBr^(H^O)^ is 
very broad and highly asymmetrical and can be assigned 
to the superimposition of the three transitions mentioned 
above.
The anhydrous complex bromides similarly show
- 176 -
TABLE 4.6
Reflectance Spectral Results
—
Frequency of maxima (cm )
Compound
R.T. L.N.T.
;Cs2CrBr4 (H20)2 24,600 V W  s f 24,600 v w  s f
22,300 V W  sf 22,100 v w  s f
20,100 wb sf 20,300 wb sf
18,700 w  s f 18,800 w  sf
12,400 s v b . 12,600 s v b
(NH4 )2CrBr4 (H20)2 24,800 V W 24,800 v w  b
22,000 w  sh sf 22,100 w  sh sf
21,200 w  b sf 21,300 w  b sf
18,900 w  sf 18,900 w  sf
4 12,500 s vb 13,100 s b
10,000 m
Rb2CrBr4 (H20)2 22,000 v w  s f 22,100 v w  sf
20,800 w  sf 20,950 w  sf
18,800 w  sf 18,850 w  sf
12,400 s vb 12,800 s b
10,000 m sh
(PyH)2CrBr4 (H20)2 28,200 s sh 28,400 s
15.900 v w  sf
12,850 s 13,100 s
10,100 m sh 10,200 m
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Compound
Cs^CrBr
RbgCrBr^
(NH4 )2er B r 4
(PyH)2CrBr4
TABLE 4.6 (continued)
_ 1
Frequency of maxima (cm )
R.T. L.N.T.
l8 , 3 5 0  v sp sf 1 8,400 v sp sf
l6 , 9 5 0 m b l6 , 6 0 0 m b
1 5 . 6 0 0  v sp sf 1 5 , 6 0 0  v sp sf
9 . 1 0 0  s b 9 , 3 0 0  s b
5 , 6 0 0  sh 6 , 0 0 0  m
s
1 9 , 7 0 0  vw 
1 6 , 8 5 0  m sf ? l6 , 8 0 0  m sf ?
1 5 . 6 0 0  w sh sf 1 5 , 6 0 0  w sh sf
9 . 1 0 0  s b 9 , 3 0 0  s b
5 . 2 0 0  w 5 , 1 0 0  w
2 2 , 2 0 0  vw sf 
2 0 , 3 0 0  m sh sf ? 20,400 m sf ?
1 8 , 3 0 0  w sf
17.400 w sf
1 5 . 6 0 0  w sf 1 5 , 8 0 0  w sf
9 , 6 0 0  s vb 1 0 , 0 0 0  s vb
6 . 2 0 0  w ? 6 , 2 0 0  w ?
18 .400 w sh sf
17.400 w sf
1 5 . 6 0 0  w sf 1 5 , 7 0 0  w sf
9 , 8 0 0  s vb 1 0 , 1 0 0  s vb
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Compound
( B t ^ ) 2cfBr4
(EtNH^)2CrBr
TABLE 4,6 (continued)
—  1
Frequency of maxima (cm )
R.T. L.N.T.
18.500 V ¥  Sf 18,500 V W  Sf
17.500 V W  sf 17,500 vw sf
15 , 8 0 0  V W  sf 1 5 , 8 5 0  vw sf
9 , 8 0 0  s vb 1 0 , 0 0 0  s vb
6 , 7 5 0  w 6 , 8 0 0  w
t 1 9 , 8 5 0  w sh sf 1 9 , 9 5 0  w sf
1 8 . 2 0 0  v sp sf 1 8 , 3 0 0  v sp sf
1 7 , 2 5 0  W  sf 17,300 w sf
15.500 V  sp sf 15,600 v  sp sf
14.200 w sf 14,300 w sf
1 0 , 3 5 0  s vb 9,400 m sh
179 in
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two spin-allowed d-d transitions (except for the 
pyridinium compound which gives only one very broad
_ i
band at 10,lOOcm ), and the same assignments can be
made. The main bands are at lower frequency than in
the spectra of the chlorides because of the weaker
ligand field strength.
In addition to the spin-allowed bands all
compounds, like the chlorides, give several weak or
sharp bands at higher frequencies which are assigned to
spin-forbidden transitions. Both the hydrated and
anhydrous ammonium compounds and the anhydrous rubidium
compound show one medium broad band between 15,000 
- 1and 22,000cm which is probably due to several 
unresolved spin-forbidden transitions. The broad band 
does not seem to be due to the presence of a small 
amount of chromium(III) compound through oxidation, since 
chromium(III) usually absorbs at higher frequencies.
The ferromagnetic compounds, that is ethyl-
ammonium and caesium tetrabromochromates(II), have two
very sharp and unexpectedly intense spin-forbidden
- 1
bands at about l8,300 and 15,600cm . The two sharp
spin-forbidden bands in caesium tetrabromochromate(II )
are superimposed on a very broad, but weaker, band
- 1centred at about 17,000cm . This very broad band
could also be composed of several spin-forbidden bands 
which have not been resolved. This suggestion is 
supported by comparison of this spectrum with that of 
the ethylammonium compound. In the latter the two very
- 1 8 5
sharp spin-forbidden bands are surrounded by three 
other weak spin^forbidden bands in approximately the 
same region as that in which the broad band is 
situated in the caesium compound (Figure 4.10). In 
the case of complex bromides the intensity of the 
spin-forbidden bands can also be put in order as: 
ferromagnetics >antiferromagnetics>paramagnetics. 
Similarly to the chlorides, the two sharp and intense
spin-forbidden bands in the ferromagnetic compounds
5 3 3can be assigned to ^  B ( H) and
6 lg lg
5 3 3B -------------( F) transitions in a tetragonal
lg 2g
environment.
X-Ray Powder Patterns and Structures
The results of powder photography are given in 
Tables 4.7 - 4.10. The ammonium tetrabromodiaquo- 
chromate(ll) has an identical powder pattern with 
that of the corresponding copper(II) compound and so 
the pair are isomorphous. The ammonium tetrabromo- 
diaquocuprate(II) has been reported to be isomorphous 
with the corresponding chloro-compound and the 
tetragonal unit cell'^^1'^^ has a = 7*93 and c = 8.4l A°. 
The copper atom is surrounded by a distorted octahedron 
of four bromide ions and two water molecules, the 
copper - bromine and copper - oxygen distances being 
2.46 A°, 3*l4 A° and 2.20 A° respectively. It has 
similar magnetic properties to the corresponding
HOQ ■ q ■
chloro- compound , becoming ferromagnetic at 1 . 7 3  K.
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Comparison of X-Ray Data of Chromium(II) Complex Bromides 
with Corresponding Chlorochrornate(I I ) or Bromocuprate(II)
Compl exes
TABLE 4.7
(nh4 )2CuBr4 (H2 0 ) 2 (nh4 >2CrBr4 (H2 0 ) 2
Shkl ^hkl I ®hkl dhkl I
(degree) ( A° ) (degree) ( A° )
7 . 8 6 5. 49 m 7.85 5.51 m
1 0 , 6 6 4. 17 w IO. 5 8 4.20 vw
1 0. 89 4.08 s 1 0 . 8 6 4.09 s
11.35 3.92 m 1 1 . 3 0 3.93 m
12.63 3.52 m 12.63 3.52 m
13.49 3.31 w 13-44 3.32 vw
13.76 3.24 w 13.69 3 . 2 6 vw
15.51 2 . 8 8 vw 1 5 .41 2 . 9 0 vw
15.76 2.84 vs 15.71 2 . 8 5 vs
l6.04 2.79 vs 1 6 .04 2.79 vs .
1 6 . 7 8 2 . 6 7 s 1 6 . 6 9 2 . 6 8 s
17.35 2.59 vw 17.27 2 . 6 0 vvw
19.49 2.31 s 1 9 .44 2 . 3 2 s
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TABLE 4.8
CS2CrCl4 (H20) 2 Cs
2CrBr4 (H20)2
®hkl dhkl I 9hkl dhkl
I
(degree ) (A°) (degree) (A°)
7.96 5.56 s 7 . 6 3 5 . 8 0 s
11.3^ 3.92 s
12.73 3.5° vw 1 2 . 10 3 . 6 8 m
13.50 3 .3O vs 1 3 . 0 0 3.43 vs
15.74 2.84 vs 15.15 2.95 vs
1 6 . 1 0 2.78 vs 15.43 * 2 . 9 0 vs
1 6 . 7 0 2 . 6 8 w M- Ch • O 2 . 7 8 m
1 8 . 0 6 2-49 m 1 7 . 2 6 2 . 6 0 m
19.55 2 . 3 0 w 19.81 2 . 2 8 vw
2 1 . 19 2 . 13 s 2 1 . 1 6 2 . 2 2 s
21.96 2 . 0 6 s 22.04 2.05 s
to • 0 1.97 w 22.64 . 2 . 0 0 m
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TABLE 4.9
Rb2CrCl4(H20)2 Rb2CrBr4(H20)2
6hkl dhkl 1 6hkl dhkl 1
(degree) (A°) (degree) (A )
8.17 5.42 m 7-84 5-51 m
Tl . 7 8  3 . 7 7  m 10.74 4. l4 m
1 3 . 2 3  3 - 3 7  vw 1 2 . 5 8  3.54 m
1 3 . 9 1  3 . 2 1  vs 13.36 3.34 s
l4 . 33 3 . 1 1  w 13.69 3 . 2 6  w
1 6 . 2 6  2.75 vs 1 5 . 6 0  2.87 vs
1 6 . 7 6  2.67 vs 15-95 2 . 8 1  vs
1 7 . 2 6  2.60 V W  1 6 . 5 8  2.70 m
1 7 . 7 6  2 . 5 3  V W  17.10 -2.59 v w
1 8 . 7 7  2.40 w 1 7 . 8 0  2 . 5 2  v w
2 1 . 5 3  2 . 1 0  v w  1 9 . 2 8  2.34 w
2 1 - 9 7  2 . 0 6  s 20.94 2 . 1 6  m
2 2 . 5 0  2 . 0 1  s 2 1 . 6 8  2.09 s
23.99 1 . 9 0  s 22.75 1.99 s
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TABLE 4.10
(EtNH3 )gCuBr^ (EtNH3 )CrBr4
Ghkl dhkl
I Ghkl dhkl
I
tegree) ( A° ) (degree) (A )
4.28 10.29 vs • 4. 19 10.55 vs
8.35 5.31 vs 8.29 5.35 vs
1 0 . l4 4.38 w 10.03 4.43 vw
11.19 3-97 m 11.24 3.95 w
11.58 3.84 m 11.51 3 . 8 6 w
11.91 3.74 w 1 2 . 0 6 3.69 w
12.31 3 . 6 2 w 12.33 3 . 6 1 m
1 2 . 5 8 3.51 vw 1 2 . 8 0 3.48 w
12.83 3.47 m 12.99 3 . 4 3 w
13.49 3.31 w 13.51 3.30 w
14.05 3 . 1 8 s 13.99 3.19 s
1 4 . 3 0 3 . 1 2 s l4 . 15 3.15 s
15.35 2.91 w 15.24 2.93 w
1 6 . 2 1 2 . 7 6 vs 1 6 . 1 8 2.77 vs
1 6 . 7 6 2 . 6 7 vs 1 6 . 6 5 2 . 6 9 vs
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The caesium and rubidium tefrabromodiaquo-
chromates(II) have similar, but not completely
identical, X-ray powder patterns to their corresponding
chloro-compounds. Caesium and rubidium tetrabromo-
diaquocuprates(II) do not seem to be known, so no
attempt was made to prepare them for comparison.
However, the dihydrate chromium(ll) bromide complexes
2 —
seem likely to be composed of [CrBr^(H^O)^] ions
with the two water molecules in the trans positon, as 
in the chloride.
No X-ray powder data was obtained for the 2 : 1
anhydrous compounds prepared by thermal dehydration of 
the dihydrates, since these compounds did not give 
measurable powder photographs. These compounds 
probably have similar structures to the corresponding 
chloro-compounds although some of them show different 
magnetic behaviour to the chloro-compounds. The two 
copper compounds, Cs^CuBr^ and (Et^N)^CuBr^, contain
cr 7
tetrahedral anions while the corresponding chromium(II)
compounds, as their reflectance spectra indicate, are
tetragonal. The only anhydrous compound which gave a
reasonably good powder photograph was ethylammonium
tetrabromochromate(II), and this compound was
crystallized from glacial acetic acid solutions of the
starting materials. This compound is isomorphous with the
analogous copper(II) compound (Table 4.10). The
2 — 57copper compound contains square planar [CtiBr^] ions , 
which probably, like the chloride complex, form longer
- 191 -
Cu - Br bonds with neighbours to give a distorted 
octahedral environment to the copper(II) ion.
Thermochromism was also observed in several 
bromide complexes especially in the ethylammonium 
tetrabromochromate(II) compound. The thermochromic 
behaviour of* these compounds is given below.
Compound Colour at R.T. Colour at L.N.T.
(PyH)_CrBr,(H 0) pastel green pale bluish green
c  tc (L cL <
(NH^>2CrBr^ brown brownish orange
(EtNHL ) CrBrr olive yellow yellowish grey
1 2 t:
The rubidium and caesium tetrabroraochromates(II) also 
show thermochromism, and their colours change from dark 
green to another kind of dark green which was difficult
*
to describe. .
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CHAPTER 5 
CHROMIUM(II) COMPLEX THIOCYANATES,
FLUORIDES AND IODIDES
193 -
CHROMIUM(II) COMPLEX THIOCYANATES
Introduction
Thiocyanato-complexes of metals of the first 
transition series are well-known and where thiocyanate
is the only ligand the stoichiometry of the complex
' 2 — 3 —anion is usually M(NCS)^ or M(NCS)^ . Few investi­
gations of chromium(ll) complexes have been reported.
l42Sand and Burger believed that species such as
(NH^)^Cr(NCS)^ were present in amyl alcoholic solutions
of chromium(ll) chloride to which ammonium thiocyanate
l43 •
had been added. Koppel isolated the dark blue, 
highly air-sensitive compound, Na~Cr(CN'S) , 11H 0, from
j 9 2
aqueous solution containing excess sodium thiocyanate,
^44 oand Asmussen obtained a value of 4.77 B.M. at 291 K
for its magnetic moment.
145Hume and Stone reported that the addition of
an excess of potassium thiocyanate to chromous chloride
solution resulted in the formation of a deep blue,
unstable complex* They were unable to isolate any
crystals, but they measured the magnetic moment in
solution and obtained a value of 4.90 B.M.
The only other compound reported in the 
92
literature which is likly to be a thiocyanato- 
chromium(ll) complex is Cr (SCN) ^ . 2 (C g H ^ N ^ .HSCN).
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Experimental
• “v •
All preparations were carried Under nitrogen 
or vacuum using the apparatus described previously 
(Chapter 2 ).
(1 ) Sodium Pentakis-isothiocyanatochromate(II) Nonahydrate 
Chromium(II) chloride tetrahydrate (3•05g.), 
dissolved in water (7ml.),' was added to an excess of a 
saturated solution of sodium thiocyanate monohydrate 
(l8 g.) in water (25ml.) slowly with shaking. A-deep blue 
solution was obtained. The mixture was cooled in ice 
and shaken. Beautiful dark blue crystals separated 
from the deep blue solution. The crystals were filtered 
off immediately, washed with a small amount of ethanol 
and dried under vacuum for eleven hours. The dry 
compound is air-sensitive and hygroscopic. On exposure 
to air it darkened and absorbed moisture. The oxidized 
compound is red in solution.
Calculated for
Na^Cr (NCS) j-. 8H20 : Cr, 9.43 ; C, 1 0 .8 1 ; H, 2 . 8 8  ; N, 1 2 .61 %
Na 3Cr(NCS)5 .9H20 : Cr, 9.07 ; C, 10.47 ; H, 3.l4 ; N, 12.21 %
Na3 Cr(NCS)5 .10H2 0: Cr, 8.80 ; C, 10.15 ; H, 3-38 ;N, 11.84 %  
Na 3Cr(NCS)3 . H H 2 0 : Cr, 8.54 ; C, 9 . 8 5  ; H, 3 .61 ; N, 1 1 .49 %
Found: Cr, 8 . 8 6  ; C, 10.52 ; H, 2.51 ; N, 12.19 %
The low percentage of hydrogen could be due to the 
loss of some hydrogen sulphide during drying since some 
was smelt in the liquid nitrogen trap. On the other 
hand, the degree of hydration is uncertain as can be seen 
from the analytical data. The compound is highly
- 195 -
soluble in water, acetone and ethanol.
The deep blue solution obtained during the 
preparation darkened slowly and a black-green solution 
was obtained. The change was complete in a few hours. 
The crystals of the chromium(II) compound re-dissolve 
gradually and hydrogen sulphide can be smelt on opening
the apparatus and so the crystals must be filtered off
as soon as possible. The spectrum of the black-green 
solution showed two broad and intense bands at
_  i 1
23,700cm and 17,100cm , characteristic of 
chromium(III) compounds.
The dry compound is also unstable. It darkened 
after about two - three weeks. Duplicate micro­
analysis of the compound was carried out after a 
fortnight and the results were as follows:
C, 10.42 ; N, 11.74 ; H, 1.90 %
Earlier workers considered that the compound contained 
11H 0 although the above analyses agree more closely 
with 9H20. Thermogravimetric analysis did not help to 
clear up the confusion because the compound loses 
hydrogen sulphide as well as water on heating.
(2) Acetone Adduct of Sodium Pentakis-isothiocyana'to- 
chromate(II)
The compound, Na^Cr(NCS)^.9H20, was prepared as 
in (l). It was filtered off, washed with a little cold 
water and dried for five hours under vacuum. Acetone 
(50ml.) was added to the solid on the filter to dissolve
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the compound and leave any insoluble impurity on the 
filter. The thiocyanate solution was filtered into 
the apparatus designed for the preparation of very 
soluble compounds (Figure 2.5). The thiocyanate 
solution was evaporated to dryness under vacuum. The 
pastel blue crystals which appeared were further dried 
for two hours in vacuo. The bladder with the brass rod 
attachment (previously filled with nitrogen) was joined 
to the apparatus against a heavy stream of nitrogen.
The whole apparatus was then evacuated and filled with 
nitrogen. The compound was crushed and ground with the 
aid of the brass rod. The bladder and the rod 
attachment were removed and a pig, filled with nitrogen, 
attached to the vessel against a stream of nitrogen.
The compound was then pushed into the glass tubes which 
were sealed off under vacuum. The dry compound is
4
hygroscopic and air-s.ensitive. On exposure to air it 
darkened and gave a red solution.
Calculated for Na^Cr(NCS)^ .CH^COCH^.bH^O : Cr, 9*01 ;
C, 1 6 . 6 3  ; H, 3 .11 N, 1 2 .13 %
Found : Cr, 8 . 7 8  ;
C, 1 6 . 5 6  ; H, 2.25 ; N, 12.25 %
(3) Other Attempts to Isolate Chromium(II)-Thiocyanate 
Complexes
(a) Lithium Pentakis-isothiocyanatochromate(II)
Chromium(ll) chloride tetrahydrate (4/1-ig. )' 
dissplved in water (15ml.), was added to a saturated
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solution of an excess of ammonium thiocyanate (l7g.) in 
water (15ml.). A deep blue solution was formed. To it 
was added slowly, with shaking, a saturated solution of 
lithium chloride (7g.) in water. The mixture Was 
cooled in ice while shaking. Pale violet crystals 
separated from the deep blue solution. The crystals 
were filtered off, washed with a very small amount of 
water and dried for nine hours under continuous 
pumping. The dry product is air-sensitive and on 
exposure to air it became darker in colour. A weighed 
sample of the product was tipped on to a glass crucible, 
and acetone sucked through until white crystals 
remained. The chromium percentage in the soluble 
portion and the weight of the residue were determined.
The percentage of chromium in the soluble portion 
agreed with the formula Li0Cr(NCS)_.
Calculated for Li0Cr(NCS)_ : Cr, l4.44 %
3 5
Found : Cr, 14.42 %
Although this compound was not obtained pure, unlike the 
sodium compound, it is stable in sealed tubes. However 
it is likely that the lithium compound can be prepared 
pure by using the method used in the preparation of the 
acetone adduct (2 ).
(b ) Potassium. Ammonium and Barium/Chromium(II)-Thiocyanate 
Systems
Potassium, ammonium or barium thiocyanates were 
used in the same way as sodium thiocyanate in attempts to
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prepare thiocyanato-complexes of* chromium(II) with 
these cations. In each case a deep blue solution was 
obtained but no crystals separated on cooling, or on 
the addition of organic solvents such as acetone or 
ethyl acetate. After a few hours, and on concentration, 
the solutions darkened and hydrogen sulphide was 
evolved.
When ammonium thiocyanate was added to an ethanolic 
solution of chromium(II) chloride tetrahydrate, white 
crystals and probably a few lilac-blue crystals 
precipitated from the deep blue solution. These were 
filtered off and the filtrate was concentrated under 
vacuum. Pale violet crystals appeared which were 
filtered off, washed with a very small amount of 
ethanol and dried for nine hours by pumping. The metal 
analyses indicated a compound with a composition 
between (NH^ ) ^ Cr (NCS )^ and (NH^ ) ^ Cr (NCS^, but it 
probably could have been a mixture of the latter with 
ammonium chloride since the addition of acetone to the 
solid left white crystals. A similar result was 
obtained for the potassium compound, but it might be 
possible to obtain pure compounds by the method used 
in ( 2 ).
However as mentioned, in all cases the addition of 
an aqueous solution of the thiocyanate salt to an aqueous 
solution of chromium(II) chloride produced a deep blue 
colour characteristic of the chromium(II)-thiocyanate 
complex. The deep blue solution was unstable and turned
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black-green in a few hours, together with the evolution 
of hydrogen sulphide. The decomposition did not occur 
if the thiocyanates were dissolved in an organic 
solvent e.g. ethanol. No obvious change in the blue 
colour of a dilute solution of Na^Cr( N C S )_.9Ho0 in 
water was observed after a few days under nitrogen, 
but the solution spectrum showed that some oxidation 
had occurred. It seems that the presence of impurities, 
and probably also the concentration of the solutions, 
has some effect on the rate of oxidation of the 
chromium(ll) thiocyanates.
However, it seemed possible that complexes of
large organic cations could be isolated from aqueous
or ethanolic solutions of the starting materials.
Recently, several tetrathiocyanato- complexes of this
type have been isolated e.g. [enH^][Cr(NCS)^], and the
136hexamine compound has been shown to be 
(hexamineH)2Cr(SCN)^ .
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Results and Discussion 
Magnetism
The magnetic results are shown in Table 5-1 
and Figure 5-1* Sodium pentakis-isothiocyanatochromate(II) 
nonahydrate obeys the Curie law over the temperature 
range investigated. The effective magnetic moment is
4.5 B.M. , a little lower than the spin-only value of 
4.90 B.M. for four unpaired electrons, at all 
temperatures. There is some uncertainty in the 
analytical results so that the degree of hydration is 
not completely established and if a molecular weight 
corresponding to llH^O were used the moment becomes
4.7 B.M. Slight decomposition could also affect the 
results, though none was apparent. However, since the 
compound obeys the Curie law over the temperature range 
studied the magnetic data establish that the compound 
is magnetically dilute and Unlikely to be polymeric.
The compound containing one molecule of acetone,
that is Na_Cr(NCS) .CH COCH .6H 0, surprisingly shows
antiferromagnetism. It has an effective magnetic
moment of 4.31 B.M. at room temperature which decreases
to 3*54 B.M. at liquid nitrogen temperature ( 0 =  77°)•
Since no significant band due to chromium(III) was
observed in the reflectance spectrum the low,
temperature-dependent moment can be attributed to the
l6antiferromagnetic interactions. Richardson has 
obtained thiourea complexes of chromium(II) such as 
CrCl^^tu. and CrCl^.^tu.acetone. The latter compound
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TABLE
Compound T (°K)
Na 0Cr(NCS) .9Ho0 295-0 
3 5 2
2 6 2 . 6
230.4 
198.2
166 .5  
135-6 
1 0 3 - 6
89.4
0 = 0
(diamagnetic correction =
Na 3Cr(NCS)5 .- 295.1
ch3coch3 .6h2o 2 6 2 - 3
2 3 0 . 1 
198.3
l6 6 . 2
I3 5 . 2  
1 0 3 . 0
89.5
e = 77°
(diamagnetic correction =
10<5XA 10 V1 (le (B-M * ]
8,579 1.155 4.49
9 , 8 8 5 1.001 4.55
11,190 0.893 4.54
12,989 0.769 4.54
15,708 O . 6 3 6 4.57
19,434 0.514 4.59
25,279 0 . 3 9 5 4.57
28,044 0 . 3 5 6 4.47
2 9 2 x 10 - 6 c.g.s. u n i t s )
, 7,863 I . 2 7 2 4.31
8 , 7 1 2 1.147 4.28
9,545 1.047 4. 19
1 0 ,6 n 0.942 4 . 1 0
1 2 , 0 7 8 0.827 4.00
13,927 0 . 7 1 8
COCO•• •
1 6 ,342 0 . 6 1 2 3 . 6 7
17,525 0.571 3 . 5 4
299 x 10 6 c .g . s . units)
Figure 5.1
N a oCr(NCS)c.9H_0
1.0
3.0
0.2
1.0
3002001000
T °K
Na 0Cr(NCS)_.CH_COCH .6H 0
1.2
1.0
0.8
0.6
3002001000
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showed stronger antiferromagnetic interactions (© = 9 6°) 
than the former (0 = 23°)• The moments were, 
respectively, 4.4l B.M. and 4.49 B.M. at room 
temperature, and 3*38 B.M. and 3-94 B.M. at liquid 
nitrogen temperature.
When allowance is made for impurities, the 
lithium product, Li^Cr(NCS)^, also obeys the Curie- 
Weiss law with a 0 value of 76°. It has a magnetic 
moment of 4.7 B.M. at 295°K, which is reduced to
3.8 B.M. at 89°K. Therefore it is antiferromagnetic, 
probably because of a thiocyanate-bridged structure.
Reflectance and Solution Spectra
The reflectance spectra are given in Table 5*2
and Figures 5-2 and 5*3* Both Nao0r(NCS) .9Ho0 and5 5 2
N a 0Cr(NCS)_.CH COCH .6H 0 show very broad and 
3 5 3 3 2.
asymmetrical bands at room temperature which are
resolved at liquid nitrogen temperature, when the
spectra consist, respectively, of a main band at
17,200cm * and 17,600cm  ^with a shoulder at 13,400cm ^
- 1and 13,700cm . This is characteristic of tetragonally-
distorted, octahedral chromium(II) compounds. The
compound with acetone also shows a very weak band at 
"" 1 1l4,7 5 0 cm , similar in shape to the spin-forbidden bands
observed in the antiferromagnetic or paramagnetic 
compounds. The lithium product has a similar spectrum at
liquid nitrogen temperature. There is a broad, strong
~ 1 — 1 band at 1 7 ,8 0 0 cm , a very weak band at l4,600cm and
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TABLE 5.2
Reflectance Spectral Results
Compound
— 1Frequency of maxima (cm ) 
R. T. L.N.T.
Nao0r(NCS) .9H 0 
- 3 5 2
l6 , 8 0 0  vs vb
24,000 vw b 
17,200 vs b
13,400 s vb
Na 0Cr(NCS)_.- 
3 5
CH COCH .6H 0 
3 3 2
Li_Cr(NCS) ?
3 5
1 7 , 3 0 0  s vb
l4,800 vw sh ?
2 8 , 6 0 0  vs sh
17, 1 00 s vb
14,600 vw sh ?
1 3 , 1 0 0  vw sh
1 7 . 6 0 0  s vb 
l4,730 w sf ? 
1 3 , 7 0 0  sh
2 8 . 6 0 0  vs
24,100 w sh
1 7 , 8 0 0  s b
l6,400 w sh ?
14.600 w sf ? 
13 , 500 ni sh
in
o
in■H
in
in.
in
— 6KJ O
VO
LA
LA
LA
LA
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-1a medium shoulder at 1 3 ,5 0 0 cm . -
The high frequency of the main bands suggests
that isothiocyanato-groups are present, that is the
thiocyanate ion has been coordinated through nitrogen.
Owing to the lower ligand field strength of S-donor
ligands, the complexes of S-bonded thiocyanate are
expected to have d-d bands at a lower frequency than
N-bonded thiocyanate. Little is known of complexes of
S-donor ligands with chromium(II), but the complexes
Cr (thiourea)^Br^ and Cr(thiourea)gl^, which contain
S-bonded thiourea, have main bands^ at much lower
- 1
frequencies, i.e. at approximately 13,000cm .
The spectra of N a oCr(NCS).9H_0 dissolved in
j 5 £
ethanol and water (Figure 5-4) do not show1 the shoulder 
found in the reflectance spectrum, and the main bands 
are at lower frequencies: 1 5 ,3 0 0 cm (s = 40.6) and
I
- 115,200cm respectively. .The bathochromic shift
suggests that some solvolysis has occurred, and, in
agreement, the addition of an excess of sodium thiocyanate
"*1increased the frequency to l6 ,7 0 0 cm in ethanol and to 
“ 1l6,600cm in water.
The solution spectra of the ammonium and 
potassium thiocyanate complexes in ethanol were recorded 
(Figures 5-5 and 5 -6 ). The molar extinction coefficients 
were also measured on the assumption that these complexes 
have similar chemical formulae to the sodium compound.
’ « mm mm *t
The values obtained are 45 and 43 litre mole" cm 
respectively. The values are close to the value
in
✓
in
iCq.Totxaa Tt?oTldO
in
in
in
jCq.TSU0Q I120Tq.do
210
VO
in
iCq.xsuaa xeoTq.do
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obtained for the sodium compound ('£ = 40.6) suggesting 
that similar species are, in fact, present in solution.
Infra-Red Spectra(4000 - 200cm
The SCN group may coordinate to a metal through
nitrogen or sulphur or both (M - NCS - M). As
mentioned in Chapter 1 , Class A metals form M  - N bonds,
whereas Class B metals form M - S bonds. However,
other factors, such as oxidation state of the metal,
the nature of other ligands in a complex and steric
considerations, also influence the mode of coordination.
Infra-red data have been used to determine
whether the thiocyanate group is coordinated through
l4l
nitrogen or sulphur • The thiocyanate group is
l4 6considered to be a resonance hybrid of the three
structures I, II and III. Thus the different modes of 
coordination will favour particular resonance structures.
N===C S “ " N = C = S  2"N---C ^ = S  +
I II III
Sulphur coordination, which increases the electron demand 
on the sulphur, will favour structure I resulting in a 
decrease in C - S bond order and vibrational frequency, 
and an increase in C - N bond order and frequency. 
Analogously, N-bonding would be expected to produce the 
opposite effects, i.e. favour the other two structures 
and cause an increase in the C - S stretching frequency
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and a reduction in the C - N stretching frequency.
The C - S stretching frequency is more useful in
distinguishing the type of bonding: it is found at
7 8 0 - 860cm  ^ for the M - NCS and 6 ^ 0 ■- 720cm  ^ for
1 4 7
the M - SCN group 1 .... This band is usually of low
intensity and so is difficult to identify in the
.presence of organic ligands or counter-ions and, on
occasion , . the overtone of the 6 (NCS) hand (see below).
The range exhibited by the C - N stretching mode is
l4 7
much less well defined. Mitchell and Williams
v
studied a large number of thiocyanate-containing complexes 
and came to the conclusion that the frequency of this 
band varies in the order:
CNS~< M - NCS ^  M - SCN <  M - SCN - M" (bridged).
This order may hold for a given metal bonded in the 
different ways, but there is much overlapping of 
frequency ranges for CNS compounds generally (Table 5*3-)» 
Recently, it has been shown that a more reliable 
distinction between the two types of bonding can be
made from the NCS deformation mode (5NCS). Lewis
l48 1 4 9
et al and Sabatini and Bertini have found that
_ 1
a single sharp band around 480cm is an indication of
N-bonding, while in S-bonding the absorption shifts to 
— 1around 420cm and splits into several components. The 
splitting in the latter case may be due to the lower 
symmetry of the non-linear M - S - CN group which 
removes the degeneracy, while the low values could be 
explained by greater mixing of 6 (MAC) and 6 (NCS) modes
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when A is S than when A is N. 6 (MAC) would be
expected to be lower for S than for N. On the contrary,
the M - NCS group has more often been found to be
149
linear, but not invariably so . It has also been
noticed that the first overtone of the deformation is
particularly sharp and intense for N-bonding.
Bonding criteria based on the far infra-red
— 1region of the spectra ( <C 400cm ) have also been
proposed^ Generally, v (M-N) >  v (M-S), the
former being usually slightly above the v(M-Cl) of the
analogous chlorides.
The frequency ranges found for different modes
l41 l49
in the thiocyanate groups are usually as follows ’ :
Table 5.3
group v(C-N) V(C-S) 6 (NCS)a
CNSb 2 0 5 3 s 748 w. 486,471 w
M-NCS 2123-2150 s,b 860-780 w 450-490 m-w
M-SCN 2 1 6 0 - 2 0 8 8  s,sp 7 2 0 - 6 9 0  w 440-400° m-w
M-NCS-M' 2170-2075° s 845-702° w 477-473° m-w
a - In N-bonded the overtone is usually sharp and intense 
b - KCNS
c - Usually more than one band is reported
The infra-red spectral results obtained for the 
compounds prepared in this work are given in Table 5*^*
TABLE 5.4
- 1Infra-Red Spectra of Chromium(II) Thiocyanate Complexes(cm )
NaCNS,2H20
3530 s sh 
3460 vs vb
3 2 5 0 m sh
2 7 2 5 V W
2540 vw
2 0 8 5 vs
1 6 2 0 s b
9 5 8 w b
740 w b
482 vw b
Na0Cr(NCS) .9H_0 
3 5 2
3580 vs 
3420 vs vb
3200 m 
2 7 2 O vw 
2420 vw 
2 2 8 0 w
2 0 8 5 vs b 
1673 s
l6 10 s 
1 1 5 0 w
. 95 8 w b
8 l0 m sp 
7 5 6 vw 
6 9 0 w
482 w b
458 vw
327 m w
Na.Cr(NCS) .CHLCOCH.. 
3 5 3 3
6h o 
2
3570 s 
3475 m 
3385 s b
3 2 7 0 w sh 
3 2 0 0 w 
2725 w
2118 s sh
2085 V S  
1690 s
1660 w
1620 m  
1247 s 
l l 60 w 
1125 VW
1090 mw
1 0 2 0 vw
9 6 0 w
940 w
8 l0 m sp
724 mw
6 7 0 w
80 w
420 w sh
335 m 
205 m
- 215 -
The C - N stretching frequency in Na^Cr(NCS)^ .9H20 and
Na Cr(NCS) .CH C0CHo.6H 0 at 2085cm" 1 is within the 
3 5 3 3 2
region assigned to N-bonding. The latter compound
also shows an extra, strong shoulder at higher frequency,
— 1at 2 1 l8 cm , which could be due to the presence of
thiocyanate bridging. As previously mentioned this
compound exhibits antiferromagnetic behaviour and
therefore the presence of thiocyanate bridges can
explain its magnetic behaviour. Further confirmation for
the presence of the thiocyanate bridge is the existence
- 1
of a band in the far infra-red region at 2 0 5 cm which 
could be due to a chromium - sulphide stretching
_ i
vibration. Both compounds have bands at 8 l0 cm which
can be assigned to C-S stretching vibration and is in 
l41
the range found for N-bonded compounds. The single
band at 482cm 1 in Na^Cr(NCS)^ .9H20 is probably the NCS
deformation vibration and also confirms the presence
of Cr - NCS groups. This band in Na^Cr(NCS) .CH C0CH„.6H 0
3 5 3 3 ^
— i
is split and contains a more intense band at 480cm
_ i
and a shoulder-like band at 420cm • The overtone of
the latter band is at 958cm 1 in Na„Cr(NC.S) . 9H o 0 and at
3 5 ^
_ 1
960 and 940cm in the compound with acetone. The
compound containing acetone gives a medium band at 
- 13 3 5 cm which can be assigned to chromium-nitrogen
stretching vibration.
The presence of two absorptions in Na 0Cr(NCS)_9Ho0
3 5 2
in the region where water deformation occurs, at 167 3  
and l6 l0 cm with the higher frequency band of lesser
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intensity, suggests that coordinated water and lattice
water may be present. Hydrogen-bonding would not be
expected to produce two well separated deformation
bands although it may be responsible for the unusual
complexity of the 0-H stretching region. Only one band
appeared in the KBr disc spectrum, at l620cm , which
indicated that some reactions between the thiocyanate
compound and potassium bromide had occurred. The
sharp strong band at l690cm 1 in Na~Cr(NCS) CH_COCH„.6Ho0
j 3 j j £
is due to the carbonyl stretching vibration in acetone.
_  i
This has been reduced from 1710cm in the free ligand. 
This is probably due to incorporation in the crystal 
since coordination would require bridging and ionic
_ i
thiocyanate to be present. The band at 1247cm is also 
due to acetone, corresponding to a coupled v(C-O) and
■ 'mm *1
v(C-C), at 1220cm in the free ligand.
I
Structures
Both reflectance and infra-red spectra of 
Na Cr(NCS) .9H 0 confirm that isothiocyanato-groups are
j J 2
present. As discussed, the compound has a reflectance
spectrum which is typical of chromium(ll) in a distorted
“"1octahedron. The main band (l7,200cm ) has a frequency
between those1^^ of [Cr(en)^]Br2 (15,700cm *) and
Cr(en)2Br2 (17,900cm 1). The high frequency of the
shoulder (distortion band) in the thiocyanate compound,
““1at 13,400cm , suggests considerable distortion from
octahedral symmetry. For this reason, and since the
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infra-red spectrum shows no bridging or S-bonded, but
N-bonded thiocyanate, a possible structure is a square
pyramidal arrangement of isothiocyanato-groups with
the remaining octahedral hole occupied by a water
molecule. The complex [Cr(Me^tren)Br]Br which has been 
5 1
reported to be trigonal bipyramidal with four donor 
nitrogen atoms and one coordinated bromide ion absorbs
■ —  i
at much lower frequency (a broad band at about 11,000cm
— 1and a weaker shoulder at l4,000cm ) than the isothio-
cyanate compouiid. Therefore, a trigonal bipyramidal 
structure is excluded.
The reflectance spectra of the thiocyanate 
compound with acetone indicates that the 'chromium(X I )- 
must be coordinated mainly to nitrogen. On the other 
hand the magnetic behaviour and some infra-red evidence 
agree with thiocyanate bridging structures and this is 
surprising because of the presence of c.oordinating 
molecules such as water and acetone. It seems unlikely 
that acetone is involved in the transmission of anti­
ferromagnetic interactions. However, further investi­
gation of this compound seems necessary.
- 218 -
CHROMIUM(II) COMPLEX FLUORIDES
In trodu c t i on
Fluoride complexes of the first row transition
metals are well characterised, but comparatively little
is known about the chromium(II) compounds. Compounds
of the type MCrF^, where M  = Na, K, Rb or N"H^, and
34,68,128
Na^CrF^ have been prepared from aqueous solutions ’
The compounds, Na^CrF^ and KCrF^, are paramagnetic,
but there are weak antiferromagnetic interactions in
the compound NH^C r F y  The compounds, KCrF^ and NH^CrF^, 
128also showed intense spin-forbidden bands at 20,000
_  -4
and 16,700cm of the type found in the ferromagnetic
chlorides although the magnetic behaviour down to
» *
liquid nitrogen temperature was normal.
The 1 : 1 compounds of the type MCrF^, where
M  = Ca, Sr or Ba, and Ba^CrFg, prepared by solid state
3 5 37 o *reactions ’ at 700 C, have been characterised by
X-ray diffraction. All these compounds are tetragonal
except for Ba^CrFg which is monoclinic. The optical
spectrum of SrCrF^ has indicated square planar 
4l
coordination . The spectrum contained intense bands
— 1 ““1 at 12,760cm and l6,600cm , assigned to the transitions
B -...... > B, and B^----- >■ E . However, no magnetic data
lg 2g lg g 1 &
has been reported for the recently obtained compounds.
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Preparative Attempts
Since Cs^CrCl^ and Cs^CrBr^ are ferromagnetic 
attempts were made to prepare a fluoride complex with 
caesium fluoride. The addition of an excess of caesium 
fluoride (17*5g * ),.-dissolved in water (20m l . ), to a 
solution of chromium(II) chloride (5*32g.) iii water 
(15m l .) caused immediate precipitation of blue crystals. 
The crystals were filtered off as quickly as possible, 
washed with water and dried for seven hours under 
vacuum. The analysis was not satisfactory.
Calculated for CsCrF^ : Cr, 21.48 %
Found : Cr, 24. 80 and 25*13 %
The blue crystals in contact with solution turned dark 
red gradually, probably due to hydrolysis. The red 
crystals obtained after twenty one hours were filtered 
off, dried and then heated to about 130°C for eleven 
hours under vacuum, and a blue-grey compound was 
obtained. No change in colour was observed on exposure 
to air.
Calculated for CsCrF^ : Cr, 21.48 %
Found : Cr, 21.60 %
However, the reflectance spectra showed broad bands
- 1  -Iaround 23,OOOcm and 15,000cm , due to the presence of
both chromium(III) and chromium(ll) ions.
An attempt was also made to isolate a compound
from dilute hydrofluoric acid. Excess caesium fluoride
(10.7g * ), dissolved in approximately 5 per cent.
hydrofluoric acid (22ml. water + 3*nl. 60% H F ), was
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added to a solution of* chromium (II) chloride tetra-
hydrate (3.l5g.) i-n water (lOml.), slowly with shaking.
A few pale blue crystals separated.
Calculated for CsCrF^ : Cr, 21.48 %
* s • •  * ' ■
Found : Cr, 23*38 %
The reflectance spectrum contained an asymmetric band
— -f ■
at l4,300cm , characteristic of chromium(II), and no
significant band appeared in the regions where 
chromium(III) absorbs. However, the addition of a 
solution of silver nitrate to the filtrate remaining 
after the chromium(III) hydroxide had been filtered off 
in the estimation of chromium produced a white precipitate 
presumably silver chloride. Thus the product was 
contaminated with chloride. No further investigation 
was made. It is possible that other fluoro-complexes 
can be obtained from more concentrated, and perhaps
■ I
hot, hydrofluoric acid solutions. It may be necessary
to start from the recently-obtained caesium chromium(II)
32carbonate . In the present work the apparatus was 
coated with paraffin wax to prevent attack by hydro­
fluoric acid, but this was not very successful.
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COMPLEX IODIDES
2 —A few iodide complexes of the type [MI^]
13 15 3(where M = Mi, Fe, Co or Ni) have been reported 1
for the•first row transition- metals. The methods of
preparation, magnetic and spectral properties of the
complex iodides are said to be analogous to those of
13
the corresponding complex chlorides and bromides •
Nothing is known of analogous chromium(ll) compounds
and, for comparison with the complex chlorides and
2 -
bromides, and because the [Crl^J ion might be tetra­
hedral, an attempt, unfortunately unsuccessful, was 
made to prepare some iodide complexes.
Chromium(ll) iodide pentahydrate (2.05g.)i 
dissolved in ethanol ( 10m l.), was added to a solution 
of tetrabutylammonium iodide (3 *3 2g.) in ethanol (10ml.) 
in the ratio of 1 : 2  ^ This produced a slight change 
in the blue colour of the chromium(ll) solution which 
could be due to dilution. The solution was concentrated 
under vacuum until light blue crystals appeared. The 
addition of ethyl acetate to the solution dissolved 
some of the crystals, and it was not possible to collect 
and analyse the remaining few crystals. The addition 
of tetrahydrofuran led to the precipitation of white 
crystals, presumably tetrabutylammonium iodide.
In another attempt glacial acetic acid was used. 
The greenish blue solution obtained after mixing the 
solutions of chromium(II) iodide pentahydrate and tetra­
butylammonium iodide was concentrated under vacuum.
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I ■
A light green, gummy solution was formed but no crystals
were observed. Then 2 ,2-dimethoxypropane was added to
the gum and this precipitated white crystals. Similar
results were obtained with tetraethylammonium iodide.
The following reasons are probably responsible
for the lack of success in the preparation of iodide
complexes. Firstly, the iodide ion, due.to its larger
ionic radius compared to the chloride and bromide, has
less tendency to act as a bridging group, and iodo-
complexes of chromium(ll) e.g. Cr(3-chloropy)^(H^O)^I^,
usually contain two water molecules and so are normal
30octahedral compounds • Also chromium(II) iodide 
complexes would be considered "weak" as chromium(ll) is 
a Class A ion and iodide is a heavy polarizable halide. 
Secondly, the presence of water molecules from CrIo.5Ho0 
in the solution is likely to be responsible for the 
formation of the gum, so it is necessary to remove the 
water. This could be done by adding an appropriate 
amount of acetic anhydride to a solution of the penta­
hydrate followed by heating to complete the reaction.
It is possible to remove the excess of acetic anhydride 
by evaporating the solution to dryness. The product 
could then be redissolved in glacial acetic acid and
used for the preparation of the iodide complexes.
154It has been reported that with metals , 
showing pronounced A-group behaviour, complexes with 
heavy halides, particularly iodides, are very weak and 
will often not exist in high dielectric aqueous and
223 -
non-aqueous solvents under any conditions. Salts of 
the chloro-complexes of these metals can be prepared 
and then converted into the corresponding bromide and 
iodide complexes by reaction with the respective 
hydrogen halide. However this method can be difficult 
for the preparation of iodide complexes of chromium(II), 
because of oxidation unless all traces of iodine are 
removed from the hydrogen iodide.
It may also be possible to prepare a chromium (II)- 
iodide complex by adding a solution of lithium iodide 
in acetone to a solution or suspension of a complex 
chloride such as (EtNH^)^CrCl^ in acetone. Owing to 
the lower solubility of lithium chloride it is 
anticipated that the coordinated chloride ions will be 
replaced by the iodide ions. Purification could also 
be achieved by extraction of the compound with acetone 
using the recrystallization apparatus (Figure 2.4).
The chromium(II) iodide pentahydrate is 
soluble in water and organic solvents such as acetone 
and ethyl acetate. Therefore, it is probable that any 
complex iodides would be much more soluble in these 
solvents than the corresponding chloro- and bromo- 
complexes.
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SUGGESTIONS FOR FURTHER WORK
l) A fuller investigation of the far infra-red spectra
—  i  '
(400 - 7 0 cm ) of the anhydrous complex chlorides and 
bromides seems necessary in order to make more complete 
assignments of terminal and bridging v(Cr-X) stretching 
vibrations.
2) The strikingly-different magnetic behaviour of Cs^CrBr^ 
■ (ferromagnetic) and Rb^CrBr^ (antiferromagnetic) would
make it worthwhile trying to prepare these compounds in 
a crystalline form since a comparison of their powder 
photographs might explain their magnetic behaviour. It 
is possible that like Cs^CrCl^ they can be prepared in
i
glacial acetic acid.
3) Little is known of the vanadium(II) complex halides 
and few magnetic data are available. Therefore the 
preparation and investigation of vanadium(II) complex, 
halides seems necessary in order to find out whether the
4
strong ferromagnetic behaviour is restricted to the d
3chromium(II) configuration or can occur with the d 
configuration as well.
4) Weak ferromagnetic interaction has been reported for
74bis(1 ,3,5-triketonato)dicopper(II) chelates • Therefore 
it would seem to be interesting to find out the magnetic 
behaviour of the corresponding chromium(II) complexes.
5) Preparation of a series of Schiff's base complexes 
such as salicylal-jD-aminophenol with copper(ll) has 
produced binuclear antiferromagnetic compounds^^’
- 225 -
Since there is the possibility of interaction between 
the two central ions through the oxygen bridges, and, 
probably directly between the metal atoms, there is a 
possibility that chromium(II) compounds might exhibit 
the ferromagnetic behaviour.
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Summary The complex bromides M2CrBr4(H20 )2 are para- A n h y d r o u s  complex chlorides1 of chromium(n) of the
magnetic (M =Rb,Cs,NH4,C5H5NH), but dehydration general formula M2CrCl4 form one of the few classes of
gives anti-ferromagnetic compounds except for Cs2CrBr4 transition-metal complexes in which ferromagnetism occurs,
which is ferromagnetic. apparently through magnetic interaction in chloride-bridged
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Table
Reflectance
/ie(B.M.) e spectra
Compound® 295 K 89 K (°) Vmax cm-1
Rb2CrBr4(H20 )2b 4-88 4-90 0 12,400vb
Cs2CrBr4(H20 )2b 4-85 4-91 0 12,400vb
(NH4)2CrBr4(H20 )2b 4-85 4-87 0 12,500vb
(C5H5NH)2CrBr4(H20 )2c 4-75 4-83 - 4 12,850s,
10,100sh
Rb2CrBr4 4-19 3-46 86 9100s, 5200m
Cs2CrBr4d 4-98 7-31 9100s, 5600sh
(NH4)2CrBr4 4-17 3-36 95 9600s
(C5H8NH)2CrBr4e 4-35 3-70 60 9800s,vb
(C2H5)4N)2CrBr4 4-58 3-72 80 9800s, 6800w
(C6HsNH)2CrCl4e 4-28 3-54 77 11,050s, vb
a All compounds are air-sensitive; their analyses are satis­
factory. b Crystallised from stoicheiometric mixtures of re­
actants in concentrated hydrobromic acid. c Crystallised from 
hydrated chromium bromide and pyridinium bromide in ethanol. 
d All compounds have spin-forbidden bands at higher frequen­
cies; with Cs2CrBr4 unusually prominent bands occur at 
18,350 cm-1 and 15,600 cm-1. e Prepared from the dihydrate by 
dehydration in vacuum over P4O10 in apparatus which was wholly 
at 70° (bromide) or 45° (chloride) to prevent condensation of 
pyridinium halide on colder parts of apparatus.
infinite lattices. Since the nature of the bridging atom2 is 
likely to affect the magnitude and sign of the magnetic 
interaction several new complex bromides of chromium 
(ii) have been synthesised (Table). The anhydrous bro­
mides M2CrBr4 were obtained, analogously to the chlorides, 
by dehydration in vacuo at ca. 140° of the previously 
unknown dihydrates M2CrBr4(H20 )2. The bromides were 
less easily isolated than the chlorides: complex bromides are 
generally3 the less stable of the two. The only other 
known double bromides of chromium(n) are CsCrBr3, 
Me4NCrBr3> and (C5H5NH)3CrBr5,2MeC02H, and these 
were prepared from solutions containing glacial acetic acid 
and acetyl bromide* No magnetic measurements were 
carried out. It has been found that, like the chloride 
dihydrates, the bromide dihydrates are magnetically 
normal, high-spin chromium(n) compounds,6 but the 
anhydrous compounds, M2CrBr4, unlike the corresponding 
chlorides, are antiferromagnetic except for Cs2CrBr4, 
which is ferromagnetic. This has been confirmed by 
measurements on duplicate preparations. The bromides 
have reflectance spectra typical8 of tetragonally distorted 
octahedral chromium(n); the anhydrous compounds are 
therefore polymeric.
The new compound (C5H5NH)2CrCl4(H20 )2, on dehydra­
tion, gives (C5H5NH)2CrCl4 (Table) which, unlike all other 
chromium(n) chlorides1 of the same general formula, is 
antiferromagnetic. Thus the nature of the cation as well 
as of the bridging atom, and the stoicheiometry, can be 
important in determining the type of magnetic interaction.
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